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PREFACE
In order to make available the results of all research conducted at 
the Iowa Institute of Hydraulic Research, a series of bulletins con­
taining abstracts of graduate theses, reviews of Institute research, 
and lists of staff publications have been published at irregular inter­
vals. Previous titles in this series, a part of the Iowa Studies in Engi­
neering, have been Bulletin 19, Two Decades of Hydraulics at the 
University of Iowa (1939); Bulletin 26, Investigations of the Iowa In ­
stitute of Hydraulic Research, 1939-1940; and Bulletin 33, Third Dec­
ade of Hydraulics at the State University of Iowa (1949). This series 
is being brought up to date with the present publication. Since Bul­
letin 33 also contained an extensive description of the Institute itself 
and of its facilities, this is likewise brought up  to date herein. How­
ever, only the changes in that description are presented here; hence 




TH E  IOWA INSTITUTE OF 
HYDRAULIC RESEARCH
H is t o r ic a l  R e s u m e
Earliest provision for a hydraulics laboratory at the State Univer­
sity of Iowa was made in 1904, during construction of a dam on the 
Iowa River at Burlington Street, when an opening was left a t the 
west end of the dam for an experimental sluiceway. In 1918, w ith the 
aid of a legislative grant, construction of a 10-foot channel and a 
24x24-foot laboratory building was finished. Ten years later this 
small building was replaced by a three-story structure which com­
prises the north wing of the present Hydraulics Laboratory.
The Iowa Institute of Hydraulic Research was formed in 1931 to fa­
cilitate the broad study of hydraulics problems without respect to 
departmental lines. The original organization consisted of a research 
staff, a board of consultants drawn from many departments of the 
University, and an advisory committee of prominent practicing en­
gineers. W ithin a year the existing laboratory space had become in­
adequate, thereby warranting construction of the tower and south 
wing of the present Hydraulics Laboratory.
Investigations of the Institute prior to World W ar II included such 
fields as model studies of rivers, spillways, and locks; full-scale tests 
on culverts, embankments, and current-meter rating; development of 
experimental plots for long-term hydrologic records; and studies of 
the hydraulics of plumbing systems. Extensive research in the fields
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of sediment transportation and fluid turbulence was begun shortly 
before the war and has been continued to the present time.
W ith the onset of war in 1941, the Army and the Navy turned to 
many of the university laboratories for technical assistance. Institute 
contributions included research on the drag of stationary ships in 
flowing water; air-tunnel studies of fog dispersal for military airfields, 
the diffusion of smoke and gas in urban districts, and wind structure 
over mountainous terrain; water-tunnel investigations of cavitation 
around undersea bodies; and the development of fire monitors for 
naval vessels. After the cessation of hostilities, several of the govern­
ment agencies, realizing the value of fundamental research, continued 
their support of Institute research.
Almost since its first organization, space in the Institute laboratory 
has been shared at various times with the Departm ent of Agriculture, 
the W eather Bureau, the Corps of Engineers, and the U.S. Geological 
Survey, only the latter of which presently occupies a portion of the 
building. Space released in 1948 by the departure of the Corps of En­
gineers, together with that made available the same year by the con­
struction of the Hydraulics Laboratory Annex, permitted both a wide­
spread relocation of existing facilities and the addition of much new 
equipment. W ithin a few years, among other projects, the instruc­
tional facilities were relocated and considerably enlarged, a small 
w ater tunnel for research was replaced by two larger tunnels, a new 
air tunnel was constructed in the Annex and an existing one rebuilt, 
and a scour flume and a recirculating sediment-transport flume were 
constructed. The major physical undertaking of the decade just com­
pleted, however, has been the conversion of one of the river channels 
into a towing tank. This construction, begun in 1954 and completed 
in 1957, gives the Institute the second of the nation’s two inland tanks.
During the 15 years since the end of W orld W ar II, investigations 
have continued in many of the fields in which the Institute had pre­
viously been active. Studies have also been initiated or considerably 
expanded in such fields as investigations of the flow of stratified fluids; 
studies of the diffusion of jets, the decay of ship wakes, and the char­
acteristics of zero-momentum wakes; development and improvement 
of electronic methods of instrumentation; analysis of the properties of 
three-dimensional boundary layers; and theoretical and experimental 
research in problems of unsteady-state hydrodynamics.
In keeping w ith the general objectives of a university, the Institute’s
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policy toward research and teaching has been, and continues to be, 
directed toward the study of fundamental principles. As a result of 
these aims, almost all research projects undertaken are those which 
will lead to a better understanding of some specific or general prin­
ciple. In  addition, teaching facilities are designed to illustrate prin­
ciples of fluid mechanics rather than merely to establish calibrations 
of equipment. Thus, the continued research and instructional activi­
ties of the Institute are designed to complement each other. The effect 
of this emphasis is also reflected in the fundamental nature of the ma­
jority of the graduate theses.
P r e s e n t  O r g a n i z a t i o n
No major changes have been made to the organizational scheme 
which was set up in 1944. Personnel for the active staff are drawn 
from the College of Engineering, whereas the Board of Consultants 
is selected from organizations outside the University. The staff is 
headed by the director, who is ultimately responsible for all Institute 
activities, including staff endeavors, laboratory facilities, research 
procedure, reports, and finances. The director is assisted by the con­
sulting engineers, chosen from the University faculty or from staffs of 
cooperating agencies permanently located at the Hydraulics Labora­
tory. The research engineers, most of whom are also staff members of 
the Departm ent of Mechanics and Hydraulics, supervise the various 
Institute projects and graduate-student investigations. Research asso­
ciates and assistants, who conduct the actual tests and evaluate the 
test results, form the remainder of the technical staff; they are usually 
graduate students employed on a part- to full-time basis, but also in­
clude students holding scholarships from the Graduate College. A 
nontechnical staff, consisting of secretaries, shop supervisor, machin­
ists, mechanics, carpenters, welders, laboratory assistants, and part- 
time laborers as needed is maintained. The present staff of the In ­
stitute is listed on the next page.
In order to show the names and periods of service of those who 
have taken a responsible part in the conduct of Institute research, a 
chronology of the senior staff members, past and present, is present­
ed in Fig. 1. In addition, the lengths of stay of the various govern­
ment agencies which have been located at the Institute are included
http://ir.uiowa.edu/uisie/40
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along with an indication of some of the more important historical 
high lights of the development and evolution of the Institute.
The Institute Board of Consultants consists of prominent scientists 
and engineers from various organizations throughout the country who 
are chosen because of their interest in or direct association with the 
research activities of the Institute. Each appointment lasts for three 
years with one-third of the membership changing each year. The pri­
mary function of the Board is to advise on matters pertaining to the 
research program of the Institute and the planning of technical con­
ferences. Professor J. W. Howe, Head of the Departm ent of Me­
chanics and Hydraulics, now serves as chairman since the retirement 
of Dean F. M. Dawson, who was also one-time director of the Insti­
tute. Altogether 51 appointments have been made to the Board of 
Consultants since it was organized in 1946. A total of 40 different in­
dividuals have served on the Board during this time; five of these 
have each served two three-year terms, while three others are now in 
their third terms. All members of the Board, past and present, are 
listed below, both as a m atter of historic interest and to show the di­
versity of the organizations with which the Institute has been in con­
tact.
MEMBERSHIP OF BOARD OF CONSULTANTS
1946
W. F. D u b a n d , Stanford University 
L. A. J o n e s , Soil Conservation Service 
C. G. R o s s b y , University of Chicago
1946-47
B . A. B a k h m e t e f f , Columbia University
W. G. H o y t , U.S. Weather Bureau
H. U. S v e r d r u p , Scripps Institution of Oceanography
1946-48
H. O. C r o f t , State University of Iowa
G. A. H a t h a w a y , Corps of Engineers
H. E. S a u n d e r s , David Taylor Model Basin
1947-49
H. L. D r y d e n , National Advisory Committee for Aeronautics
M. E. N e l s o n , Corps of Engineers
K. E. S c h o e n h e r r , University of Notre Dame
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1948-50
M. L. N i c h o l s , Soil Conservation Service
C. G. P a u l s e n , U.S. Geological Survey
G. B. S c h u b a u e r , National Bureau of Standards
1949-51
B . A. B a k h m e t e f f , Columbia University 
C a r l  F. I z z a r d , Public Roads Administration 
W. H. L e a h y , Office of Naval Research
1950-52
V. R. B e n n i o n , U.S. Geological Survey 
M a r k  M o r r is , Iowa State Highway Commission 
J. B . T i f f a n y , Waterways Experiment Station
1951-53
P i e r r e  D a n e l , Etablissements NEYRPIC 
M i n a  R e e s , Office of Naval Research
F. H. T o d d , David Taylor Model Basin
1952-54
A d o l p h  J . A c k e r m a n , Consulting Engineer 
P a u l  C. B e n e d i c t , U.S. Geological Survey 
R ic h a r d  R . T i p t o n , Bureau of Public Roads
1953-55
C a r r o l l  H. D u n n , Waterways Experiment Station 
W. E. J o n e s , Iowa State Highway Commission
G. B. S c h u b a u e r , National Bureau of Standards
1954-56
V. R. B e n n i o n , U.S. Geological Survey 
P h i l l i p  E is e n b e r g , Office of Naval Research
C. J. M c L e a n , Commonwealth Edison Co. of Chicago
1955-57
W. H. L e a h y , Office of Naval Research
M a r k  M o r r is , Iowa State Highway Commission
G l e n  G . P o w e r s , Iowa State Conservation Commission
1956-58
C a r l  F. I z z a r d , Bureau of Public Roads
C. A. L e e , Kimberly-Clark Corporation 
J. B. T i f f a n y ,  Waterways Experiment Station
1957-59
R o l l a n d  W. C a r t e r , U.S. Geological Survey
J o h n  B. P a r k in s o n , National Advisory Committee for Aeronautics
E. A. W r i g h t , David Taylor Model Basin
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1958-60
V. R. B e n n i o n , U.S. Geological Survey
D. C. B o n d u r a n t , Corps of Engineers
H. M . M a r t i n , Bureau of Reclamation
1959-61
P h i l l i p  E i s e n b e r g , Hydronautics, Inc.
M a r k  M o r r is , Iowa State Highway Commission
E. S. T u r n e r , National Research Council of Canada
1960-62
R. D. C o o p e r , Oifice of Naval Research
J. B. T i f f a n y , Waterways Experiment Station
M e l v i n  R. W i l l i a m s , U.S. Geological Survey
C u r r e n t  R e s e a r c h  A c t i v i t i e s
The current research program is composed of a wide variety of 
projects which reflect both the special interests of the various staff 
members and the needs expressed by the various supporting agencies. 
Some of these projects represent studies which have continued over a 
period of years, whereas others are of a short-term nature. In the 
following paragraphs, a brief description of each of the current re ­
search projects is given.
Active interest has been maintained in hydrologic studies of Ral­
ston and Rapid Creeks. These studies represent the longest uninter­
rupted projects conducted by the Institute and are currently sup­
ported by the U.S. Geological Survey, the Soil Conservation Service, 
the U.S. W eather Bureau, and the Graduate College. Record analyses 
and data collecting are usually performed by graduate students, 
many of whom select certain aspects of the hydrologic record for 
thesis topics. The hydrologic investigations are m ade under the su­
pervision of Professor Howe, who has served as project director for 
nearly two decades.
Research in sediment transportation, which has been pursued al­
most continuously since the Institute was established, is being con­
tinued as evidenced by the present studies which involve total-load 
transport, fall velocity, and sediment diffusion. The investigation of 
total-load transport, supported by the National Science Foundation, 
is directed toward determining the effect of the particle-size distribu­
tion of the bed material on the volume of total-load transport. The 
study of sediment diffusion is partially supported by the Gulf Re­
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search and Development Company. Projects involving sediment 
transportation are made under the direction of Professor Brush.
Cavitation investigations, which received considerable attention 
during and after the war years, generally fell into one of two cate­
gories: that involving boundary geometry, and that involving turbu­
lence. The first is currently typified by the rather belated completing 
of a series of tests on head forms at angles of yaw ranging from 0° to 
90°. The second is represented by continued experiments on the pres­
sure fluctuations in a submerged jet, a rather thoroughgoing energy 
analysis now being conducted of the measured characteristics of both 
the mean and secondary flows. Since its inception, this work has been 
under the sponsorship of the Office of Naval Research under the di­
rection of Professor Rouse.
Directly related to at least the latter project has been a long series 
of investigations of energy transformation in the regions of separation 
so common in hydraulic structures, particularly in the vicinity of the 
resulting quasi-stable eddy. Current projects of this nature include 
the jet directed into a counterflow, the wake of a disk ( and its eddy- 
cavitation counterpart) and of a plate, and abrupt boundary expan­
sions. Of a similar nature is the study that is being made of a zero- 
momentum-flux wake which is obtained by means of a jet located 
within the wake created by a disk. Both mean-fiow and turbulence 
characteristics of the wake are being investigated in the proximity of 
the disk and at considerable distances downstream. Sponsored by the 
Office of Naval Research, this portion of the research program is un­
der the direction of Professor Rouse and Mr. Toch.
Studies of boundary-layer development continue to be an integral 
part of the Institute’s research program. Supported by the Office of 
Naval Research, a project is currently under way in the air tunnel lo­
cated in the Annex on the development of a three-dimensional boun­
dary layer around an ellipsoid with three unequal axes. In addition, a 
reanalysis of existing data pertaining to boundary layers for zero 
pressure gradient is being made under the sponsorship of the same 
agency. These studies are under the direction of Professor Land- 
weber.
In recent years considerable effort has been directed toward prob­
lems relating to the motion of ships. The completion of the towing 
tank in 1957 has greatly augmented the Institute’s research activities 
in this field. A study of the added mass of a vibrating ship and the 
effect of a free surface on separation represent projects currently be­
http://ir.uiowa.edu/uisie/40
ing sponsored by the Society of Naval Architects and Marine Engi­
neers. In addition, other studies such as the separation of viscous drag 
from wave drag of ships as determined by wake measurements, as 
well as studies of the mean flow and turbulence characteristics of 
wakes behind powered vessels, are in progress through the support 
of the Office of Naval Research. Several other operative projects sup­
ported by the ONR on ship motion concern the drag of an oscillating 
plate for various aspect ratios and the translation of a Russian book 
Ship Motions by Blagoveshchensky. Investigations concerning ship 
motions are under the direction of Professor Landweber, although, 
in part, the instrumentation and turbulence measurements are super­
vised by Professor Hubbard. The Russian translation is being per­
formed by Mr. Strelkoff and edited by Professor Landweber.
Recent interest in so-called ground-effect vehicles has led to the 
development of a considerable research program in the field of an­
nular jets. A series of related projects, some of which are currently 
active, have investigated the augmentation of lift due to the pressure 
build-up beneath the base of an annular jet in close proximity to the 
ground. Tests have been m ade examining the lift augmentation over 
liquid as well as solid surfaces, for different values of geometrical 
parameters and for various jet strengths. The configuration of a liquid 
surface beneath the jet and the velocity and pressure distributions 
in the flow field of an annular jet over land are currently being mea­
sured. These projects are sponsored by the Office of Naval Research 
and are being conducted under the supervision of Professor Mack.
Due to the importance of instrumentation in present-day studies 
of fluid mechanics, particularly with respect to turbulence measure­
ments, the Institute continues to operate numerous projects aimed at 
developing new or improving old measuring techniques. Included 
among studies in this field are the development of electronic units for 
analyzing and presenting turbulence data in a useful form; continued 
efforts to improve the instruments for making turbulence measure­
ments, in particular, the hot-wire and hot-film anemometers; and in­
vestigations aimed at developing a low-velocity turbulence probe by 
using m inute thermistors as the sensing elements. These projects are 
sponsored by the Office of Naval Research under the supervision of 
Professor Hubbard.
At the request of the Rock Island Arsenal of the U.S. Army, a de­
tailed investigation of the characteristics of rapidly accelerated 
liquids under high pressures, as in recoil systems, has been initiated.
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This project will include both analytical and experimental studies of 
unsteady flow through various transitions. Professor Hubbard and Dr. 
Macagno are directing the investigation.
During the past decade a series of projects involving stratified flow 
has been carried out at the Institute. Interest among successive mem­
bers of the staff has resulted in a continuation of research in this area. 
The current project is directed at establishing the criteria for the inter­
facial stability of two fluid layers of slightly different densities. Oper­
ating under the sponsorship of the Office of Ordnance Research, the 
project is led by Dr. Macagno.
In cooperation with the U.S. Geological Survey, a systematic study 
of the effect of the concentration of roughness elements on the resist­
ance to flow in open channels is being made. The study encompasses 
both subcritical and supercritical flow and is under the supervision of 
Dr. H. J. Koloseus, a resident representative of the Survey. A closely 
related doctoral project under Professor Rouse involves the calcula­
tion of the resistance coefficient for various combinations and con­
centrations of elements, proceeding from the measured drag of a 
single element in flow with variable velocity gradient.
An analytical investigation of finite-amplitude axisymmetric gravity 
waves is also in progress. Of particular interest are the division of the 
total energy into kinetic and potential portions and the differences 
in their variations with time for a wide range of liquid depths. This 
study is under the supervision of Professor Mack and is supported, in 
part, by the Office of Naval Research.
C o n f e r e n c e s  a n d  P u b l i c a t i o n s
Continuing its practice, begun in 1939, of holding Hydraulics Con­
ferences at Iowa City at three-year intervals, the Institute has now 
organized seven such meetings with an average attendance of 200 en­
gineers and scientists from nearly eveiy state in the country, and the 
papers presented at each have been recorded in separate volumes of 
Proceedings. The Proceedings of the Fourth Hydraidics Conference, 
held just before the appearance of Rulletin 33, Third Decade of H y­
draulics at the State University of Iowa, was published in 1950 by 
John Wiley & Sons as the 1,000-page volume Engineering Hydraulics. 
In order to hold the retail price at a reasonable level, the Institute 
forewent royalties on the first 3,500 copies printed. A second printing 
was soon necessary, however, and sales at the time of writing had 
reached the unexpectedly high figure of 6,500 copies—2,800 of these
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having been purchased abroad. Although further conferences may 
still be held, the vast amount of material being published by national 
organizations and the comparatively limited circulation of the local 
Proceedings make it inadvisable to continue their publication.
As may be judged by the list of bulletins, reprints, and other ma­
terial at the end of this volume, the Institute has maintained its prac­
tice of putting into print all research results of general or specific in­
terest. This is done preferably through internationally available jour­
nals, of which 23 different ones are represented on the list of 85 re­
prints of the past decade. Publications too long for journals are issued 
in the Studies in Engineering series, as special issues like the W ind- 
Tunnel Studies of Pressure Distribution on Elementary Building 
Forms, or as bulletins of sponsoring agencies like the Iowa Highway 
Research Board. Only rarely is a typewritten thesis or report to a con­
tracting organization the final form in which a project is described.
Somewhat more pretentious than the foregoing ventures was the 
publication by the Institute of its first hard-cover book: History of 
Hydraulics by Rouse and Ince. Initially appearing as a bilingual fold- 
in supplement of La Houille Blanche, the English version was there­
after corrected, amplified, and then reproduced in cloth-bound offset 
form by Edwards Brothers under the imprint of the Institute, At the 
time of writing, about 1,050 copies have been sold. Perhaps the most 
important by-product of this venture has been the investment of in­
come in the purchase of source material for a new history-of-hydrau­
lics collection of the University Library. Some 200 representative vol­
umes in English, French, German, Italian, and Latin, ranging from 
the middle of the sixteenth century to the end of the nineteenth, al­
ready form the nucleus of what should be a steadily growing founda­
tion for future historical research.
An even more extensive undertaking of many years’ duration reach­
ed its culmination very early in 1959, with the appearance in printed 
form of the textbook Advanced Mechanics of Fluids. A one-semester 
course of this name had been taught by Professor Rouse ever since 
coming to Iowa in 1939. In 1948 responsibility for its contents was 
shared with Professor McNown, and plans were laid for the prepara­
tion of a book to serve as text. W ith McNown’s departure in 1954, the 
authorship of the successive chapters was divided among various 
members of the staff, and the result was issued in hectograph form 
for use in a new two-semester course. After several successive editions 
of the notes had appeared, the revised material was finally published 























































P h y s i c a l  P l a n t  a n d  B a s i c  E q u i p m e n t
The major physical undertaking of the decade just completed was 
the enclosure of the river channels beneath the Main Laboratory and 
the conversion of the 10-foot channel into a towing tank, shown in Fig. 
2. This undertaking, begun in 1954 and completed in 1957, gives the 
Institute the second of the nation’s two inland tanks. The channels 
were bulkheaded, both upstream and down, and completely housed, 
thus making the entire tank both structurally safe against floods and 
maintainable at room temperature over its full 300-foot length. At the 
same time the general quarters in the basement were expanded by a 
single-story 17x24-foot welding shop constructed over the south end 
of the 16-foot channel.
F i g . 3 .  P l a n  V i e w  o f  L a b o r a t o r y  A n n e x .
In the Laboratory Annex ( Fig. 3 ), a small sediment laboratory has 
been set off immediately west of the office in the southeast comer of 
the building and the floor of the model area in the central portion of 
the building has been paved. In  addition, several sluices connecting 
with the main sump have been constructed beneath the paving. Out­
let sections leading to the sluices have been established to allow effi­
cient utilization of space for simultaneous running of experiments. To 
the northwest corner of the Annex has been appended a one-story ga­
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rage, 22x35 feet, containing a series of concrete bins for the storage 
of various grades of sand.
In addition to the entire fifth floor of the main building, the district 
office of the U.S. Geological Survey now occupies two office rooms 
and the sedimentation laboratory on the third floor. The cableway 
for stream gaging formerly spanning the Iowa River just downstream 
from the Main Laboratory has been dismantled.
I n s t r u c t i o n a l  F a c i l i t i e s
The instructional facilities of the Institute laboratories are designed 
to contribute as effectively as possible to the teaching program of the 
Departm ent of Mechanics and Hydraulics. Accordingly they illus­
trate primarily the fundamental aspects of fluid motion, as empha­
sized by the textbooks used in the classroom, rather than simply the 
empirical calibration of measuring devices. Basic Mechanics of 
Fluids by Rouse and Howe is the textbook now used by all undergrad­
uate classes; to supplement the lectures, three laboratory demonstra­
tions are included as part of the regular course program. First-year 
graduate students take a two-semester intermediate course for which 
Elementary Mechanics of Fluids by Rouse serves as text. In  the labora­
tory work accompanying these courses the undergraduates perform 
six selected experiments, whereas the graduates become familiar dur­
ing the year with all the available instructional equipment by con­
ducting a total of fourteen experiments.
Except for the changes and addition noted below, the equipment 
for these experiments is for the most part that described in Bulletin 
33. Although it is possible to mount various bodies in the test section 
of the small w ater tunnel, this unit has been operated only with a 
Venturi-type constriction for several years. Piezometric openings are 
so arranged in its test section that the pressure distribution may be 
evaluated along the center line of the constriction as well as along the 
boundary. The water-jet unit now has a grid system on a background 
plate for use in determining the liquid trajectory as well as a spring 
dynamometer for jet-deflection studies.
For determining the fall velocities of spheres, a set of three cylin­
drical glass jars, each 8 inches in diameter, has been added to the 
equipment for graduate instruction. Each of the jars contains a dif­
ferent liquid; to provide a 100-fold range of kinematic viscosities, the 
liquids used are heavy oil, light oil, and water. The jars are placed 
within a rectangular water-filled tank to assure a uniform temperature
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throughout the jars. The long glass sides of the water bath  carry sev­
eral sets of horizontal wires, which permit the visual timing of the 
fall of the spheres to be free of both refraction and parallax errors. 
Lead, glass, lucite, and plastic spheres, ranging in size from less than 
1 millimeter to 'A inch in diameter and having over an 11-fold range 
of specific gravities, are used in the experiment.
R e s e a r c h  F a c i l i t i e s
Towing Tank
The 10-foot river channel which formerly passed beneath and ex­
tended beyond the Main Laboratory, drawing water from the Iowa 
River, has been replaced by a completely housed towing tank (Fig. 
4 ) 300 feet long, 10 feet wide, and 9 feet deep, which is normally filled 
with hydrant water. The conversion from river channel to towing tank
F i g . 4 .  V i e w  o f  3 0 0 - F o o t  T o w i n g  T a n k  f r o m  N o r t h  E n d .
was begun in 1954 and completed in 1957; it was jointly financed by 
the Institute and the Office of Naval Research. The tank is spanned by 
a lightweight carriage which was obtained from the National Re­
search Council of Canada and modified extensively. The rails of
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stainless-steel precision-ground shafting on which the carriage rides 
have been leveled and aligned to within a few thousandths of an inch. 
The carriage is towed by three endless M-inch wire-rope cables in 
parallel, which in turn are driven by a 2-foot-diameter traction sheave 
anchored at the south end of the tank. A tension of about 1,000 pounds 
is maintained in each cable by a lever system on the idler sheave at 
the north end. The traction sheave is driven by a variable-speed hy­
draulic pump-motor unit which is powered by a constant-speed 25- 
horsepower induction motor. Continuous variation of speed from Vi to 
30 feet per second is possible with this drive. Although lower speeds 
are possible, it then becomes difficult to maintain a satisfactory degree 
of constancy. Electrical means for accurately recording the carriage 
speed are provided. A balance-type dynamometer is being con­
structed for determining the force acting on a towed model.
Near the middle of the east wall of the tank are four openings, each 
6 feet by 3 feet, now closed by bulkheads, which can serve as ports for 
underwater observations when the need arises. W ave absorbers 
consisting of 12-inch-wide half-submerged boards are fastened along 
the walls. At either end of the tank is a sheet-metal parabolic wave 
absorber. Installation of these wave absorbers reduced the required 
waiting time between runs by 75 per cent. The water surface is 
readily skimmed into 10-inch-deep troughs behind the parabolic wave 
absorbers by raising the w ater level slightly.
Flumes
The construction of a new flume along the east wall of the second 
floor of the Main Laboratory for the chief purpose of studying open- 
channel flow was completed in 1959 with Institute funds. The flume is 
2/2 feet wide, 10 inches deep, and 85 feet long; both the side and bot­
tom boundaries are of plate glass. An interesting feature of this piece 
of equipm ent is that—except for pivots at the head tank—it is hung on 
four pairs of stainless-steel lead screws from the underside of the 
third-floor beams as shown in Fig. 5. A motor-driven gear train can 
be used during operation to adjust the slope to any value between 
+ 5  per cent and —0.2 per cent. Supercritical flow at the entrance can 
be established by means of an inclined headgate; a tailgate at the 
downstream end is used to control subcritical flow. Stainless-steel 
rails, running the full length of the flume, support an instrument car­
riage. A specially designed vibrating-needle point gage is used to 
measure with precision the level of the w ater surface and its variation,
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if any, with time. A weir, mounted in the head tank, is used to measure 
discharges up to 6 cubic feet per second.
W ater Tunnels
The relatively inexpensive variable-pressure w ater tunnel installed 
in 1943 was eventually found to be inadequate for the increasing vol-
F i g . 5 . 8 5 - F o o t  T i l t i n g  F l u m e  S h o w i n g  C e i l i n g  S u s p e n s i o n .
ume of Institute research. Accordingly it has been replaced by two 
tunnels of greater circuit length and considerably more refined de­
sign. These tunnels, located at the north end of the main building, 
differ from each other only in the configuration of their interchange­
able test sections. The east tunnel, built in 1949 with funds provided 
by the Office of Naval Research, has a 6x24-inch rectangular cross 
section for tests on two-dimensional forms; the west tunnel (Fig. 6), 
constructed in 1951 with Institute funds, has an open-throat test sec­
tion with the same circular cross-sectional area. The 30-inch axial-flow 
pum p of each tunnel is driven by a 65-horsepower electric motor 
through a variable-speed hydraulic transmission.
The velocity of flow and the pressure head at each test section can 
be varied independently within wide limits, velocities of 8 to 35 feet 
per second being obtainable with pressure heads from —|—30 to —30
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feet of water. Each tunnel is a closed circuit, approximately in the 
form of a vertical rectangle with vaned turns at each corner, the upper 
leg containing the test section being on the first floor, and the lower 
leg comprising the return section and the pumping system being in 
the basement. The circular cross section of the tunnel varies gradually 
in diameter from somewhat over 15 inches just beyond the test section 
to 4 feet in the approach section. All interior surfaces are of stainless 
steel except for the observation windows, which are of case-hardened 
glass.
A cylindrical cavitation tank, 5 feet in diameter by 10 feet long, is 
located near the w ater tunnels and is connected by a 6-inch line to a 
centrifugal pump rated at 380 gallons per minute at a 200-foot head. 
The ambient pressure within the tank can be varied from + 1 5  psi to
F i g . 6 .  W a t e r  T u n n e l  w i t h  O p e n - T h r o a t  T e s t  S e c t i o n .
about —14 psi. This tank is primarily a supplement to the water tun­
nels for problems involving cavitation characteristics of submerged 
jets.
Air Tunnels
The low-velocity air tunnel originally built in 1943 was replaced in
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1951 by a recirculating tunnel intended primarily for graduate re­
search. This tunnel, located at the north end of the second floor of 
the Main Laboratory, has a test section 3 feet square by 12 feet long 
with glass side walls. Its squirrel-cage rotor is driven by a 7/2-horse­
power variable-speed motor permitting air velocities from l0to50feet 
per second to be obtained. Adjustable vanes allow further control of 
the velocity and of its distribution across the test section. Although the 
tunnel is of the closed-circuit type, in smoke tests the contaminated 
air can be discharged and fresh air drawn in through windows in the 
plenum chamber at the north end of the building. Moreover, the 
closed-throat test section can be removed to provide a set-up of the 
open-throat type.
Temporary air-tunnel installations are frequently devised for spe­
cial purposes, one of which is the use of the student shop on the third 
floor of the Main Laboratory as a combined plenum and test chamber 
for jet studies. A 1/2-horsepower fan has been arranged to exhaust 
air through the floor at one side of the room, a screened bell inlet at 
another part of the floor then admitting air to a streamlined nozzle 
either 12 or 6 inches in diameter. Diffusion measurements can be 
m ade over the first seven or fourteen diameters, respectively, of the 
vertical jet.
Of the three permanent air tunnels now in operation at the Institute, 
each generally accommodates at least two experimental projects in 
successive shifts. So useful are these facilities that construction of a 
fourth tunnel, also to be located at the north end of the second floor, 
has been started. This new tunnel will have an open-throat test sec­
tion with a nozzle of octagonal cross section 3/2 feet wide. A 20-horse­
power motor with Gyrol fluid drive will permit continuous adjust­
ment of test-section air velocity from 0 to 75 feet per second.
Sedimentation Equipment
Research facilities for studying scour and other phases of sediment 
transportation are located in the Laboratory Annex. Of the four per­
m anent flumes situated there, three are fixed-bed scour flumes while 
the other is a variable-slope recirculating flume. The 90-foot tilting re ­
circulating flume and the 15-foot glass-walled scour flume have pre­
viously been described in Bulletin 33. The other two fixed-bed scour 
flumes, one 5 feet and the other 10 feet in width, each 2 feet deep 
and 45 feet long, are equipped with sand-feed elevators and weighing 
tanks to permit running tests, such as those performed for the Iowa
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State Highway Commission and the Bureau of Public Roads, under 
conditions of equilibrium bed-load transport (see Special Publica­
tions).
Facilities are also available for analyzing the physical characteris­
tics of the sediment used in the various experiments. In addition to 
sieving equipment, a visual-accumulation tube for determining fall 
diameters of the sediment has been constructed. Other equipment, of 
a more temporary nature, is constructed, as needed, for precise de­
termination of fall velocity. The Institute has some 12 different grades 
of sand available in quantity for research purposes.
Instrumentation
The electronic instrumentation equipment has continued to grow 
in quantity and importance, some projects being primarily for the 
development of new techniques, others being based on the use of in­
struments already available. Two 2-channel hot-wire anemometers 
are in continuous use for studies involving air, and one hot-wire and 
one hot-film anemometer are available for use in water. The electronic 
Pitot has been modified to use commercial pressure transducers and 
microphones, w ith a consequent increase in reliability and ease of op­
eration. Electrical pressure cells are used not only for detecting the 
rapid fluctuations in stagnation and local pressures in turbulent flow, 
but also for detecting and recording velocity head, working-section 
pressure, and various local pressures in the two-dimensional water 
tunnel.
Signals from any of these instruments as well as from the water- 
tunnel dynamometer or towing carriage can be transmitted through a 
system of conduits to the third floor for recording on an Ampex in­
strumentation-type magnetic tape recorder or for analysis by root- 
mean-square or integrating analyzers. The magnetic tape recorder is 
useful in expanding or compressing the time scale of electrical signals 
through its capability of operating at different speeds when record­
ing or playing back. In addition, it is possible to take any tape section 
corresponding to one second or more of a continuous recording and 
play it back synchronously for spectrum analysis, greater accuracy, or 
display on a cathode-ray oscillograph.
Scour in the transport flumes can be measured at a boundary such 
as a pier or an abutm ent by means of a series of electrodes placed on 
or near the boundary. Changes in the electrical impedance between 
adjacent electrodes can be detected and recorded on a continuously
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moving chart. Since the relative elevation of the electrodes is known, 
and since the impedance is quite different for electrodes covered only 
by w ater and those covered by the bed, the record provides informa­
tion on the location of the bed as a function of time.
Additional sensitivity in detecting the level of liquid surfaces has 
been provided by a vibrating-needle instrument ( see Ph.D. disserta­
tion by Koloseus). The vertically vibrating needle is driven by a 
magnetic circuit and positioned so that it enters and leaves the liquid 
during each cycle. When the needle is submerged, it completes an 
electrical circuit, so that the average current during each cycle is a 
function of the liquid level.
E s t i m a t e d  V a l u e  o f  P l a n t  a n d  F a c i l i t i e s
All items of physical plant and equipment are carried on the Uni­
versity’s books at their original cost. This system accounts neither for 
depreciation nor for changes in the value of the dollar; it likewise fails 
to convey any concept of the replacement expense if these facilities 
were to be duplicated today. As examples of the unrealistic impres­
sions which may be gained from these figures, it is noted that the 
Annex cost nearly as much as the entire Main Laboratory and that the 
$82,000 spent in enclosing the 10-foot river channel for conversion 
into a towing tank nearly equalled the original cost of the entire 
building. Because the values carried on the University’s accounts 
do not offer meaningful comparisons, it is not considered worthwhile 
to bring up to date the estimated values of plant and facilities given in 
Bulletin 33. However, the major equipment expenditures of the past 
decade may be of interest. In addition to the above-mentioned ex­
pense of housing the towing tank, the towing carriage with its rails 
and supporting structure together with the drive and associated ac­
cessories required another $45,000. The w ater tunnels cost $30,000; 
the new flume, $25,000; and the rebuilding of the second-floor aii 
tunnel, $6,000. The new air tunnel now under construction is expected 
to have a value of $7,500.
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R E V IE W  O F  IN S T IT U T E  R E SE A R C H
B o u n d a r y - L a y e r  S t u d i e s
A continuing program of research on boundary layers was initiated 
in this decade with studies by Baines (see Ph.D. dissertation) on the 
turbulent boundary layer on smooth and rough plates. This experi­
mental research became feasible with the acquisition of the new air 
tunnel, described in Bulletin 33, having a turbulence intensity of 
about one per cent. I t  is significant that this renewed interest in the 
laws of turbulent boundary layers occurred simultaneously in other 
laboratories, after a lapse of about ten years since the im portant dif­
ference between the turbulent velocity profiles for pipes and plates 
had been demonstrated. Baines was followed by a succession of in­
vestigators—Moore, Hama, Siao, Yu, and Toch—but whereas Baines 
dealt with the entire problem, both in his dissertation and in a liter- 
ature-survey report to the Office of Naval Research (see Special Pub­
lications), including mean and fluctuating characteristics on both 
smooth and rough surfaces, the subsequent investigators had much 
more restricted objectives.
Hama, in a paper in the Transactions of the Society of Naval Archi­
tects and Marine Engineers ( Reprint 136), and Moore ( see Ph.D. dis­
sertation) were concerned with the effects of regular roughness. The 
essential conclusion from this work was to confirm the similarity laws 
for turbulent boundary layers along rough surfaces which had pre­
viously been assumed on the basis of pipe and channel experiments. 
Hama also developed a theory for the velocity distribution in the tu r­
bulent boundary layer near the wall in the range in which the viscous 
stresses are not yet negligible in comparison with the Reynolds or 
turbulent stresses ( Reprint 124 ).
The development of a new and simple technique, Preston s method 
for measuring shear stress at a boundary, encouraged the undertak­
ing of a careful set of new measurements of the boundary-layer veloc­
ity distribution on a smooth flat plate in zero pressure gradient, in an 
attem pt to resolve the large discrepancies obtained by various observ­
ers in different laboratories. Since it had been shown by Landweber 
( Reprint 151 ) that the so-called universal logarithmic law of the tu r­
bulent boundary layer was a particular case of a family of possible
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laws, an attem pt was m ade to determine the law in best agreement 
with the flat-plate data. The results, reported by Landweber and Siao 
(Reprint 156), showed that these data were not sufficiently discrim­
inating between the logarithmic law and an alternative, because of 
the small range of Reynolds numbers available in the air tunnel. Ef­
forts are being made to obtain more extensive data from towing tests 
on a long circular cylinder at the David Taylor Model Rasin.
The experimental program has continued with a study of the 
boundary layer on an axially oriented circular cylinder, in which it 
was shown by Yu ( Reprint 161) that, w ith the inclusion of the ratio of 
the boundary-layer thickness to the cylinder radius as an additional 
parameter, the data appeared to be consistent with the same “inner” 
and “outer” boundary-layer laws, with a logarithmic overlapping 
range as for the flat plate. At present the three-dimensional boundary 
layer on an ellipsoid of three unequal axes is being investigated.
C a v i t a t i o n
Most of the cavitation studies conducted during the past decade 
had their origin in wartime tests of the decade before. Three new fa­
cilities have been added since then, however, so that the supplemen­
tary work was of a considerably more extensive nature. A typical ex­
ample is the completion of experiments for the Office of Naval Re­
search on pressure distribution and cavitation on a series of torpedo 
heads. Measurements m ade in the original w ater tunnel at zero angle 
of yaw (see Rulletin 32) have since been supplemented in one of the 
new tunnels at angles varying from zero to ninety degrees. Prepara­
tion of a sequel bulletin describing the study was under way a t the 
time of writing.
Studies of submerged jets made during the previous decade led 
quite logically to the more recent investigation of cavitation in the 
eddy zone surrounding such a jet, in connection with the naval prob­
lem of jet propulsion. Under the sponsorship of the ONR, tests were 
conducted on submerged jets in a special cavitation tank, as reported 
upon by W hitehouse (see M.S. thesis) and by Rouse in a paper pre­
sented to the E ighth International Congress of Applied Mechanics 
at Istanbul ( Reprint 116). Subsequently a more detailed investigation 
of the distribution of cavitation noise along the jet was m ade by Appel 
and reported upon to the ONR. As a result of Appel’s findings, the 
entire phenomenon of energy transformation in a diffusing jet has 
been studied by Carr (see M.S. thesis) and Peng.
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The w ater tunnel with two-dimensional test section has been used 
for a series of studies of two-dimensional profiles. DeHaven ( see M.S. 
thesis) investigated the drag of a cascade of cylinders of varying rela­
tive spacing by means of pressure traverses around the central 
cylinder. A complementary study, also w ith ONR support, was con­
ducted by Geist ( see M.S. thesis) using the drag indication of a three- 
component balance. The balance had been designed by Appel under 
contract with the David Taylor Model Basin for the investigation of 
the characteristics of a series of hydrofoils, as described by Hug ( see 
Ph.D. dissertation) and Matsuoka (see M.S. thesis). Further details 
of the hydrofoil study are included under the heading Irrotational 
Flow.
H y d r o l o g y
W ith the support of the U.S. Geological Survey, the Soil Conserva­
tion Service, the U.S. W eather Bureau, and the Graduate College, the 
long-term records of precipitation, runoff, groundwater levels, and 
vegetal cover on the Ralston Creek and Rapid Creek watersheds have 
been continued under the direction of Professor Howe. The hydro­
logic data for the 3-square-mile Ralston Creek area have been re­
corded continuously since 1924 and represent those of longest dura­
tion for a region of small drainage area in the United States. The sim­
ilar project on the 24-square-mile Rapid Creek watershed has been 
continuous since 1941. Various phases of these unique data have been 
investigated by Song, Dougal, Chang, and Chowdhury (see M.S. the­
ses).
Two bulletins of the Iowa Highway Research Board in the hydro­
logic field were prepared by members of the Institute staff during the 
decade. The first, by Howe and Metzler, gave culvert diameters for 
5-, 10-, and 25-year runoffs as modified by storage due to various valley 
shapes upstream from the culvert. Sets of 132 charts for valleys hav­
ing a range of valley slopes, channel widths, and channel side slopes 
as well as eight general charts for additional valley configurations 
were presented. The second bulletin, by Howe and W amock, is now 
in press. Rainfall, runoff, and infiltration rates for the Ralston Creek 
watershed for various time intervals are presented as experienced 
over a 33-year period in this typical Iowa watershed of small size. 
( See Special Publications.)
I n s t r u m e n t a t i o n
Electrical measuring and analyzing techniques were developed and
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applied extensively during the decade, and most of the major research 
facilities have been equipped with one or more electrical measuring 
instruments. The pressure at various points in the two-dimensional 
water tunnel can be measured by strain-gage-type electrical cells as 
well as by the usual manometers, and a special dynamometer utilizing 
differential transformers was designed by Appel to measure lift, drag, 
and moment on models. The tilting flume on the first floor was 
equipped by Appel with a bellows-differential-transformer-type cell 
to measure pressure on the bottom, as well as with parallel-wire and 
vibrating-needle instruments to measure mean depths or wave pro­
files. The last instrument was modified by Koloseus ( see Ph.D. disser­
tation ).
Bed scour in the sediment-transport flumes was detected and re­
corded electrically through the impedance between a common 
ground and each of a series of electrodes embedded in a boundary 
such as a pier or a special pile. Laursen, Toch, and H ubbard also in­
stalled a similar instrument near a bridge pier in the Skunk River to 
collect data in a larger system ( see Special Publications ). The possi­
bility of using a very sensitive electrical pressure cell to provide a 
rapid size-frequency analysis of sediment samples was investigated 
and a working model was constructed by Appel (see Ph.D. disserta­
tion).
Electrical analogs of potential flow, which had been used near the 
end of the third decade, were developed and used more extensively 
during the fourth, w ith Ling making several refinements. These ana­
logs were of two different forms : a tank containing a liquid electro­
lyte which can be arranged to represent either a two- or three-dimen­
sional system of fluid flow (Reprint 126), and a resistance network 
which represents the finite-difference approximation of a two-dimen- 
sional system. However, the network analog did not fulfill its promise 
because of difficulty in obtaining uniform socket connections.
The major effort in the development of electrical techniques was 
devoted to the detection and analysis of the instantaneous velocity 
and pressure in fluid systems. Some of the instruments developed, 
such as the electronic Pitot by Appel (see M.S. thesis) for laboratory 
use and the shallow-water turbulence m eter for large-scale systems, 
operated upon the fluctuations in total head and local pressure in a 
small region. Another method, used by Boyer (Reprint 118), de­
pended upon the variation of resistance between a pair of polarized 
electrodes in flowing water. The most widely employed principle was
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that of forced convection of heat from a body placed in the flow. This 
principle provides the basis of operation of the hot-wire and hot-film 
anemometers developed by H ubbard and Ling, respectively (see 
Bulletin 37), which have been used in most of the laboratory equip­
ment employing air as a fluid, as well as in several flumes and the 
towing tank. Subsequent work on the hot-film anemometer has been 
carried on by Laughlin.
Instruments for use in analyzing the signals from the various de­
vices were developed concurrently, so that many of the statistical 
quantities involved in present theories of turbulence were measured. 
The most recent major item acquired for use in data handling was 
an Ampex instrumentation-type magnetic tape recorder. W ith this 
instrument and an associated electronic integrator developed by 
Mortley (see M.S. thesis) for use with the recorder, it is possible to 
compress or expand the time base of fluctuating signals, to play back 
the signals repetitively, or to integrate for an indefinite period of 
time. In order to make full use of this versatile system, it has been put 
within reach of every research facility in the Main Laboratory 
through a wiring system enclosed in metal conduit.
In addition to such electronic measurement of fluctuating velocities 
and pressures (see M.S. thesis by C arr), various instruments were 
made as needed for the indication of mean-flow characteristics. These 
included Pitot cylinders and direction indicators (see M.S. theses by 
Arie and Bao), Preston tubes, multiple-tube direction indicators, and 
suitable manometers. Among the latter, the Institute modification of 
the two-fluid W ahlen type of gage for the precise indication of small 
differential pressures has now been converted to a one-fluid gage 
reading directly by Veeder counter to 0.001 inch of alcohol, as shown 
in Fig. 7.
I k r o t a t i o n a l - F l o w  A n a l y s i s
A number of problems of practical interest have been treated on 
the assumption that the flow is irrotational. These have been solved by 
various means, such as the electrical analogy, finite differences, and 
mathematical potential theory.
The extension of the use of the electrolytic tank (Beprint 82) to 
solve three-dimensional flow problems was an important develop­
ment, since for such problems, in the absence of an axis of symmetry, 
a solution by mathematical analysis is extremely difficult. This was 
accomplished by H ubbard and Ling in 1952 and applied to study the
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flow in a transition length from a reservoir to a conduit of square 
cross section ( Reprint 126).
Southwell’s method of finite differences, referred to as a relaxation 
technique, was applied in a paper by McNown, Hsu, and Yih to the
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solution of Laplace’s equation for two-dimensional and axisymmetric 
flow problems ( Reprint 127 ). Methods of applying the technique to 
problems w ith different kinds of boundary conditions were devel­
oped. Applications included the flow in a two-dimensional curved 
inlet, the pressure distribution about a blunt-nosed head form, flow 
over a weir, flow about a cavitating head form, the impingement of 
a jet on a flat plate, efflux from a curved nozzle, and seepage through 
a vertical wall. Both the electrical analogy and the method of relax­
ation were used by Abul-Fetouh (see Ph.D. dissertation) on orifice 
flow (Reprint 83), and the relaxation method alone by H uber (see 
Ph.D. dissertation ) on stratified flow.
In strong contrast to the tedious arithmetical operations of the 
method of relaxation is the elegant mathematical theory available for 
certain two-dimensional, free-streamline problems. An exposition of 
the free-streamline theory of Helmholtz-Kirchhoff and its application 
to several problems are given in a collective work by the Institute staff 
(Bulletin 35) edited by McNown and Yih. The problems treated in­
clude cavitating streamlined struts, inlets, flows about polygonal ob­
stacles, efflux from a manifold, and head losses in m iter bends.
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New methods for computing the velocity and pressure fields about 
bodies, and generalizations and extensions of theorems for evaluating 
the added masses, forces, and moments on bodies moving through a 
fluid, based on mathematical solutions of Laplace’s equation, have 
been developed by Landw eber (Reprint 142). For a body in an ar­
bitrary state of motion ( translation and rotation) the boundary-value 
problem is formulated as a set of Fredholm integral equations of the 
first kind, which are solved by replacing them by an approximately 
equivalent set of linear equations. Computing programs for bodies of 
revolution and symmetric two-dimensional forms, for use with the 
IBM 650 or 704 automatic computers, are available and are being 
published in a contract report to the Office of Naval Research.
Often it is the motion of a body rather than the details of the flow 
about it that is of interest. One must then include in the equations of 
motion of the body the forces and moments exerted by the fluid. 
W hen the flow is steady and irrotational, a theorem due to Blasius ex­
presses the force and moment on a two-dimensional form in terms of 
the complex potential of the flow, and an analogous theorem due to 
Lagally expresses the force and moment in terms of the singularities 
(sources, doublets, and vortices) within the body which may be 
considered to generate the flow. A third theorem, due to G. I. Taylor, 
expresses certain of the added masses of a body in terms of the 
strengths of the internal singularities, in a particularly simple manner. 
Taylor’s theorem has been generalized by Landw eber and Yih (R e­
print 146) to apply, under broader circumstances, to all the added- 
mass coefficients, except those due to rotation alone; and the Lagally 
theorem has been extended to be applicable to unsteady motions of 
the body in arbitrary unsteady flows. These theorems, in their gen­
eralized form, have been applied by Kim (see M.S. thesis) for the 
motion of two spheres and by Bottaccini (see Ph.D. dissertation) for 
the added masses of a spheroid near a free surface.
The continuing interest in added mass at the Institute is evidenced 
by the num ber of papers and theses produced by the staff on this 
subject in recent years and the emphasis placed upon it in the new 
book Advanced Mechanics of Fluids and in a chapter of a forthcom­
ing Handbook of Fluid Mechanics to be  published by McGraw-Hill. 
Among the Institute contributions are a paper on the added masses 
of a large family of bodies of revolution ( Reprint 159); another pre­
senting a general theoretical procedure for obtaining the added mass­
es of a two-dimensional form moving either horizontally or vertically
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in a horizontal free surface ( Reprint 155), which has been verified ex­
perimentally by Wu ( see M.S. thesis); and a third on the added mass 
of a spheroid, semi-immersed in a free surface and moving trans­
versely in a horizontal plane (Reprint 166).
J e t s  a n d  W a k e s
Studies of free-turbulence shear flow have been continued most 
actively during the past several years. Not only was the shear zone of 
the submerged jet investigated further by Carr ( see M.S. thesis) and 
Peng, but a series of studies of stable eddies formed by various 
boundary discontinuities was also initiated and carried forward. 
Among the wakes thus investigated in detail were those occurring at 
an abrupt expansion (see Ph.D. dissertation by H.-C. Hsu,) behind a 
normal wall (see M.S. thesis by Arie and Reprint 147), and behind 
a jet entering the flow at right angles (Reprint 154). Similar in many 
respects were the studies by Siao (see Ph.D. dissertation) and Naga- 
ratnam (see M.S. thesis) of the hydraulic jump (Reprint 157) and by 
Rao (see M.S. thesis) of the jet in a counterflow. All these experi­
mental studies were conducted in air, mostly in the second-floor air 
tunnel, because of the relative simplicity of experimental apparatus 
and measurement, especially for turbulence; only in the most recently 
initiated work on wakes with zero momentum flux is w ater being used 
in part of the research.
Each of the investigators contributed some facet of knowledge to 
the growing store of information on free turbulence, but the prob­
lem is indeed complex and no one of them could hope to solve it. 
The latest study, that on zero-momentum wakes under the sponsor­
ship of the Office of Naval Research, is a good example of this diffi­
culty. In order even to attem pt an analysis of zero-momentum wakes, 
some information regarding their geometry and dynamics is re­
quired. Thus the experimental work serves the twofold purpose of 
providing data which might be directly applicable to some proto- 
type problem and which, it is hoped, should also serve to permit an 
analytical solution of the problem. Part of this study is being con­
ducted in the new towing basin using the hot-wire anemometer ( see 
M.S. thesis by Aron). The primary difference, other than the fluid 
used, between this part and that run in the air tunnel in the Annex, 
lies in the means of producing the jet within the wake. A propeller 
is used in the towing basin, while an air jet emanating from a pipe 
is employed in the tunnel.
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Since the sponsoring agency is particularly interested in conditions 
far downstream (800 or 1000 diam eters) from the body and orifice or 
propeller, the air-tunnel work will require a jet of about 3/16-inch 
diameter to keep measurements within the 24-foot-long test section. 
In the towing basin, on the other hand, any distance can be obtained, 
limited only by the eventual interference of the basin walls, by return­
ing the carriage and instruments to the appropriate position.
Of the studies concerning free-turbulence shear flow, those on the 
hydraulic jump might be singled out as especially interesting. They 
clearly indicated that even certain flows with a free surface could be 
modeled, and therefore investigated, by means of air flow. The results 
of this series of tests agreed quite well with subsequent tests con­
ducted in water, which became possible only after the hot-wire ane­
mometer had been adapted to that fluid ( see discussion by H ubbard 
in Reprint 157).
In response to a request of the Office of Naval Research, an investi­
gation of the lifting characteristics of annular jets was begun in 1958 
under the direction of Professor Mack. W hen an annular jet is di­
rected against a nearby surface a high pressure is built up beneath the 
base of the jet. The total lifting force may hence be considerably larger 
than that due solely to the momentum flux of the jet. Studies relating 
this total lift to the geometric and dynamic parameters of the system 
and to the nature of the nearby surface (i.e., land or w ater) have 
been made by Garg and Yen (see M.S. theses) and by Malsy and 
have led to the presentation of a paper by Mack and Yen at the 1959 
Princeton Symposium on Ground Effect Phenomena (Reprint 164).
M o d e l  S t u d i e s
Strictly speaking, essentially all experimental research in hydrau­
lics proceeds by means of models, for the subject m atter is far too com­
plex to permit many flow principles to be studied without relation to 
a specific boundary geometry. Sometimes, to be sure, the models are 
generalized rather than specific, like those of the schematic buildings 
in the special publication W ind-Tunnel Studies of Pressure Distribu­
tion on Elementary Building Forms, or the culverts for the Highway 
Commission-Rureau of Public Roads studies, or the bridge piers, 
abutments, and embankments in the special bulletins of the Highway 
Commission ( see Rulletin 38 and Special Publications). Just as truly 
scale models of prototype conditions were those in which air currents 
were reproduced with saline w ater (R eprint 137), or in which the
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turbulence characteristics of the hydraulic jump were reproduced 
with air (Reprint 157). However, in hydraulics literature the term 
“model study” has come to denote the investigation at reduced scale 
of a particular engineering enterprise. The following are definitely 
of this category.
An early investigation by Floyd Nagler of the discharge character­
istics of the Keokuk spillways on the Mississippi River had its sequel 
in 1954, when the Institute undertook tests in preparation for mainte­
nance measures on spillways and foundations, for Sverdrup and Par­
cel, Inc., of St. Louis. Of particular import was the simulation at 
model scale of the development of dynamic lifting pressures on large 
slabs of bed rock—a phenomenon also having considerable bearing 
on the stability of river-bank revetment. For the Houston office of 
the Ambursen Engineering Corporation the Institute investigated in 
1953 various aspects of the San Jacinto Dam, grill-type spillway, and 
stilling pool; and in 1955 the automatic flashboards of the Wesley E. 
Seale Dam.
In continuation of the Rio Paraiba investigation mentioned in 
Bulletin 33, studies were made in the early part of the decade for the 
Canadian-Brazilian Services, Ltd., of Toronto, on a series of ele­
ments of a hydroelectric development in the region between Rio de 
Janeiro and Sao Paulo. These included, in addition to the sediment di­
version already described, extensive tests for the Santa Cecilia 
Tainter gates, the Sant A na spillway, and the Santa Cecilia canal 
transitions—for the latter of which the use of curved vanes was pro­
posed and incorporated into the design. All parts of the model inves­
tigation were described by Laursen in Reprint 89.
For the Stanley Engineering Company of Muscatine and for the 
State Conservation Commission a number of Iowa spillways—partic­
ularly those in the form of high-velocity relief channels—were inves­
tigated at small scale to the end of ensuring their safety against over­
topping because of standing-wave formation. Of particular interest 
is the type of arrangement developed with the Conservation Commis­
sion, in which the Institute provided the facilities and consulting 
services and the actual tests were performed in the Institute labora­
tories by design and field engineers of the Commission staff.
For the Consolidated Edison Company of Chicago various mem­
bers of the Institute staff investigated at model scale the problem of 
recirculation of cooling water drawn from and returned to the Chi­
cago Canal by a series of power plants. Through use of cool and
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heated water it was possible to obtain certain useful indications as to 
the advisable spacing and shape of intakes and outlets, although it 
was impossible to simulate the mixing phenomenon—depending as it 
does on both Froude and Reynolds numbers—with any degree of 
certainty. In  order that a more general investigation could be made 
of the characteristics of stratified flow in two dimensions, the con­
tracting company permitted a special test channel to be built for the 
specific and subsequent generalized tests and certain of its instru­
ments to be retained for this purpose. The results were presented by 
Bata (see M.S. thesis and Reprint 153).
Note might well be m ade at this point that—except for service to 
other state agencies—it is the Institute policy to undertake model stud­
ies of a specific nature only if new principles of sufficient interest to 
warrant their investigation are involved. Although all hydraulics 
models admittedly have definite instructional value to students (as 
well as being impressive to the general public), the belief is main­
tained that the primary role of a university laboratory is pure and ap­
plied research.
R e s i s t a n c e
Whereas the resistance of smooth surfaces to both nonuniform 
boundary-layer flow and uniform conduit flow is relatively well un­
derstood, the effect of heterogeneous surface irregularities on either 
type of flow has been the subject of investigation for very many dec­
ades. In the Institute’s third decade a resistance diagram was de­
vised (R eprint 36) with the Colebrook-White transition formula as 
a basis. This, however, uses a single linear factor to describe the 
roughness magnitude, and it is known that at least one other linear or 
areal factor must be necessary, if not also standard deviations from 
both. Boughnesses investigated at the Institute have covered a con­
siderable range of concentrations and shapes.
In the effort to determine experimental relationships for uniform 
boundary-layer roughness similar to those already available for con­
duits, Baines (see Ph.D. dissertation) conducted with the support of 
the Office of Naval Besearch a series of air-tunnel experiments using 
commercially available emery cloth as the surface material. This was 
found to have the twofold drawback of being insufficiently rough 
and difficult to vary in absolute scale without loss of geometric simil­
arity. For this reason Moore (see Ph.D. dissertation) extended the 
program through use of the simple transverse-bar form of roughness
http://ir.uiowa.edu/uisie/40
previously investigated at Iowa in an open channel by Powell. The 
two disadvantages of the emery cloth were thus overcome, bu t the 
fact remained that such two-dimensional roughness was about as far 
removed as possible from the desired heterogeneous condition. Soon 
thereafter it became possible to obtain a series of wire-mesh screens 
of practically exact geometric similarity over a 30-fold linear range, 
and these were studied in both the air tunnel and the open channel 
by Rand, likewise with ONR sponsorship. The results were discussed 
in detail in a paper by Hama (Reprint 136), as were attempts by 
Ling to vary both the mean size and the frequency distribution of 
glass beads cemented to the test surface.
The desirability of controlling the areal distribution as well as the 
size of roughness element led Koloseus (see Ph.D. dissertation), with 
the partial support of the U.S. Geological Survey, to investigate the 
cube as the elementary form. At the time of writing, the elements are 
limited in size to 3/16 inch, the relative roughness being varied 
through changes of the water depth in an open channel, and the areal 
distribution being varied by changing the concentration of cubes by 
multiples of 4 between the initial and final limits of a smooth surface. 
W ith the completion of the original dissertation project, the program 
has continued under Dr. Koloseus’ direction through a cooperative 
arrangement with the Geological Survey, for which the 85-foot flume 
described under Research Facilities was specially constructed by the 
Institute. A noteworthy finding of the dissertation was that the resist­
ance function depended upon the Froude number once the latter ex­
ceeded a magnitude of about 1.7.
The rolling motion of a ship is damped because of both viscous ef­
fects and wave generation. An unresolved problem in this connection 
was to account for the unexpectedly high effectiveness cf bilge keels 
as roll dampers. Martin (see Ph.D. dissertation) showed that an os­
cillating flat plate has drag coefficients which are many times greater 
than those of a plate in steady flow; on this basis he was able to ex­
plain the effectiveness of bilge keels. I t was found that roughening the 
hull along its bilges caused an appreciable reduction in the roll dam p­
ing of ship models, presumably because of a change from laminar to 
turbulent separation (Reprint 167). Ursell’s theory of the wave mak­
ing of a rolling ship form was at least qualitatively verified by McLeod 
(see M.S. thesis), who compared measured amplitudes of the waves 
generated by different forms with Ursell’s predictions. A systematic 
investigation of ship forms of minimum wave-making resistance, on
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the basis of Weinblum’s tables of Michel’s integral for the wave re­
sistance, led to wasp-shaped forms; this work was described by M ar­
tin in a report to the Office of Naval Research.
S e d i m e n t  S t u d i e s
Following preliminary tests toward the end of the third decade, a 
comprehensive experimental program concerning scour at bridge 
piers and abutments was initiated and carried to completion during 
the fourth decade. Supported primarily by the Iowa State Highway 
Commission and the Bureau of Public Roads, the model tests covered 
the major aspects of scour under equilibrium conditions of bed-load 
movement for various pier and abutm ent geometry, spatial configura­
tion, and alignment. The model tests and a prototype verification 
led to the development of design criteria, as well as suggestions for 
alleviating scour. ( See Reprints 92,107,120,123, and 138 and Special 
Publications.)
The Iowa State Highway Commission and the Bureau of Public 
Roads also sponsored an equally im portant study of storm-drain 
systems for sediment-transporting flow. Experiments were made to 
determine both the sediment-transporting capacity for given flow 
conditions in pipes (see M.S. thesis by Vallentine and Ph.D. disserta­
tions by Ambrose and C raven) as well as the efficiency of short sand 
traps. These studies were combined to establish design criteria for 
typical field conditions (see Special Publications and Reprint 121).
As an outgrowth of both the scour and pipe-transport studies, the 
Institute undertook related projects of scour below a dam for the 
Ambursen Engineering Corporation of Houston as well as the trans­
port of slag in pipes for the Combustion By-Products Company of 
Chicago.
In the field of sediment transportation in open channels, a study of 
the total-load transport under equilibrium conditions was m ade us­
ing fine (0.10- and 0.04-mm) sand. Measurements of both suspended 
and total load led to the development of an empirical relation for 
estimating the total load as reported by Laursen ( Reprint 165). The 
project was sponsored by the Office of Naval Research and the experi­
ments were conducted in a 90-foot glass-walled recirculating flume 
which was originally built with funds from the same sponsor. Using 
the same experimental flume, a study is presently being made of the 
effect of various bed-material size gradations on total load, suspended 
load, and bed configuration for a constant m edian diameter of 0.38
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mm. This work is sponsored by the National Science Foundation.
A continuing interest in the various aspects of fall velocity of 
spheres and other-shaped particles was in evidence during the fourth 
decade. Studies were m ade of the fall velocity of particles both within 
and beyond the Stokes range, as well as studies of the effect of con­
tainer geometry and particle concentration on the fall velocity. In ad ­
dition, investigations were m ade by Moorman (see Ph.D. disserta­
tion) of the accelerated portion of the free fall of a spherical particle 
in a stationary fluid and by Carstens (see Ph.D. dissertation) of the 
flow around spheres within an oscillating fluid. ( See Reprints 81, 85, 
100,109, and 130.) Partial support, particularly for the data analysis, 
was given to several of these projects by the Office of Naval Research. 
The principles learned from these studies combined with recent elec­
tronic advances in pressure-sensitive transducers permitted the de­
velopment by Appel (see Ph.D. dissertation) of an instrument for 
making rapid size-frequency analyses of sediment (Reprint 122).
S t r a t i f i e d  F l o w
Fluid flow with a nonuniform distribution of density is a common 
occurrence in many important problems, quite small differences in 
density often giving rise to substantial changes in the flow pattern. 
Even if experimental evidence were not a t hand in many daily occur­
rences, a study of the equations of hydrodynamics with variable den­
sity would show that new avenues of research are open in the field of 
stratified flow (see Reprint 152).
The first studies on fluid motion with stratification of density were 
undertaken at the Institute during the second world war. In the past 
decade different problems on the subject have been under research 
as either Institute or contract projects. Several studies were also con­
ducted to investigate the gravitational convection that originates in a 
fluid when heat is released from boundary sources of different kinds. 
( See M.S. thesis by Humphreys, and Reprints 110,114,115, and 141.)
The stratified flow of two distinct layers without interfacial mixing, 
or with a small amount of mixing, bears a great resemblance to the 
well-known flow of water with a free surface, so that terminology and 
concepts can be borrowed from the field of hydraulics of open chan­
nels. The free surface has its counterpart in the interface, and the 
study of interfacial geometry is akin to the investigation of surface 
curves. The concept of the critical regime, for instance, is susceptible 
of being extended to stratified flow, as shown by Craya, who, while
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working as a visiting professor, reported on the significance and appli­
cation of critical regimes to stratified flow (Reprints 93 and 99). The 
internal hydraulic jump was investigated by Yih and Guha (see M.S. 
thesis by Guha and Reprint 137). Practical applications of these prin­
ciples are illustrated under Model Studies in connection with the re­
circulation of cooling w ater discharged from thermoelectric plants.
The behavior of a two-layered fluid system, otherwise at rest, when 
a sink is introduced in the field has been the subject of two investiga­
tions: Meyer (see M.S. thesis) studied experimentally the axisym- 
metric case, and H uber (see Ph.D. dissertation) solved by relaxation 
methods the case of a two-dimensional stratified flow due to a sink.
Like the free surface, the interface may become unstable, and en- 
trainment of one fluid by the other may assume an important role in 
the flow. The first step should then be the investigation of the incip­
ient instability; because the free surface corresponds to an extreme 
case of the interface and because curvilinear flows can be looked upon 
as having some type of stratification, studies by Yih, with the support 
of the Office of Ordnance Research, of the stability of parallel flows 
with a free surface and of curvilinear flow were undertaken as prelim­
inaries to the more difficult investigation of the interfacial stability 
( Reprints 132,135,150).
The diffusion process at the interface, as due to turbulence in one 
of the layers, was experimentally investigated in a cooperative study 
with the Fluid Mechanics Laboratory of the University of Grenoble 
by Rouse and Dodu (R eprint 139). Supported by the Office of Ord­
nance Research since 1957, an experimental investigation on the inter­
facial instability and on the subsequent mixing of the fluids is under 
way. The thickness of the mixing zone and the rate of transfer of mass 
across the interface are being investigated as the Froude and Rey­
nolds numbers of the flow are varied.
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ABSTRACTS O F  G R A D U A TE T H E SE S
Following the granting of the first master’s degree in 1922, 352 ad­
vanced degrees have been given for studies in fluid mechanics by 
the Departm ent of Mechanics and Hydraulics. Of this number, nearly 
45 per cent have been awarded during the fourth decade, including 
over 50 per cent of the doctor’s degrees. The recipients of these de­
grees represent some 30 countries, which is approximately double the 
num ber represented ten years ago. In  addition, nine other countries— 
Argentina, Costa Rica, Czechoslovakia, Denmark, Mexico, Nicara­
gua, Norway, Sudan, and Thailand—have been represented by 
students enrolled for brief periods of time in either the regular pro­
gram or for special studies. A detailed breakdown of the countries 
represented and the degrees granted is shown in the accompanying 
table. I t is noteworthy that more than 50 per cent of these students 
have held assistantships or have been employed by the Institute.







































C a v i t a t i o n
Cavitation and Pressure Distribution at Gate Slots. A r ist o k l i 
Sp e n g o . M.S. Thesis, June 1949; Professor McNown, adviser. 
This thesis presents the results of an experimental investigation of 
pressure distribution along a boundary in the vicinity of a sluice-gate 
slot and of the critical cavitation number. Studies were conducted in 
a variable-pressure w ater tunnel and in an air tunnel at different 
scales. The slot shapes were rectangular, with width-depth ratios 
varying from 0 to 2, while the difference in elevation between the up ­
stream and downstream edges of the slot was varied from negative to 
positive for each width-depth ratio. It was found that the pressure 
distribution along the upstream  boundary in the case of negative 
superelevation is a function only of superelevation, while for positive 
superelevation it is a function of the width of the slot also. The pres­
sure distribution along the downstream boundary in the case of nega­
tive superelevation is a function of the width of the slot and the 
superelevation, whereas in the case of positive superelevation it is a 
function of the cavitation num ber also.
An Investigation into the Point of Incipient Cavitation of Sub­
merged Jets. J o h n  P. W h i t e h o u s e . M.S. Thesis, February 1952; 
Professor Rouse, adviser. The effect of temperature and nozzle geom­
etry on the magnitude of the incipient cavitation param eter for a sub­
merged liquid jet was investigated experimentally. Measurements 
were conducted in a 5xl0-foot vacuum tank on jets from 1/2-inch
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nozzles, and a hydrophone and recorder were used to detect cavita­
tion. High-speed photographs showing that cavitation occurs in the 
zone of maximum turbulence of a submerged jet were obtained. Con­
trary to previous tests, the absence of tem perature effects was clearly 
demonstrated, whereas the effect of the nozzle shape, although pres­
ent, was not quantitatively evaluated. A design value of 0.6 for the 
incipient cavitation param eter of initially parallel jets was recom­
mended. (See Reprint 116.)
Theoretical and Experimental Investigation of Forces on Cavitat- 
ing Hydrofoils. M ic h e l  H u g . Ph.D. Dissertation, February 1956; Pro­
fessor Landweber, adviser. A linearized theory has been derived to 
compute the forces exerted upon a cavitating hydrofoil. The leading 
principle of the derivation is the transformation of the deviation flow 
around the hydrofoil into a deviation flow which can be computed by 
known methods; the transformed boundary conditions become those 
of a cambered thin airfoil, the flow around which can easily be com­
puted. An alternative linearized theory had  already been derived by 
M . P. Tulin, who preserved the complex velocity through the trans­
formation rather than the velocity potential, which is kept invariant 
in the present theory. The two different ways of transforming the 
problem lead to different types of difficulties. In  the present case it 
was necessary to correct the influence of singularities on the numeri­
cal value of the result. A typical computation has been m ade giving 
the lift and moment coefficients versus the cavitation index for a 
bubble of finite length longer than the foil. All of these results are in 
good agreement with Tulin’s results. In the case of a bubble termi­
nating on the foil, a theory derived by A. J. Acosta gives a fairly good 
check of the results. The experimental part of this work was not com­
pletely satisfactory, bu t a partial check of the linearized theory was 
obtained by allowing a certain shift of the cavitation index to com­
pensate for the partial air pressure in the cavity.
Water-Tunnel Tests of a Cavitating Hydrofoil. T su y o sh i M a t su - 
o k a .  M .S. Thesis, August 1957; Professor Landweber, adviser. The 
force and moment characteristics of the NACA 66]-012 hydrofoil were 
measured in a two-dimensional w ater tunnel at various angles of at­
tack and cavitation numbers. I t was found that there was considerable 
discrepancy between vapor and cavity pressures. The latter were 
used in the specification of the cavitation numbers. Some considera­
tion was given to the correction for the effect of tunnel walls. I t was
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shown that the limiting cavitation numbers obtained in the tests are 
in approximate agreement with theoretical values.
The D rag of Cavitating Cylinders Arranged in a Straight Grid.
J e a n  J a c q u e s  G e i s t . M.S. Thesis, February 1959; Professors Rouse 
and Landweber, advisers. An experimental investigation of the drag 
of cavitating cylinders arranged in a straight grid is presented with 
the emphasis on the effect of the cavitation number. This is the logi­
cal continuation of DeHaven’s thesis on the drag of noncavitating 
cylinders ( see page 78 ). In the present work direct force measure­
ments were m ade w ith the Institute’s new hydrodynamic balance. 
Results of experimental studies are discussed and given in form of 
a space representation.
The Effect of Cavitation on a Rotating Cylinder. D i n s h a w  N. C o n ­
t r a c t o r . M.S. Thesis, February 1960; Professor Landweber, ad ­
viser. This experimental investigation of the effect of cavitation on a 
rotating cylinder was carried out in a two-dimensional water tunnel. 
The stainless-steel cylinder had piezometric taps around it in the 
side walls of the test section. The pressure distribution around the cyl­
inder was recorded under both cavitating and noncavitating condi­
tions for different ratios of rotational velocity to free-stream velocity. 
The pressure distributions around the cylinder were plotted and inte­
grated to obtain the lift and drag coefficients. These parameters were 
then plotted against the cavitation number. I t was found that cavita­
tion reduces both the lift and drag coefficients of the cylinder. Before 
cavitation begins, the boundary layer around the cylinder can be 
either laminar or turbulent a t the region of highest local Reynolds 
number. W hen the boundary layer becomes turbulent, the lift and 
drag decrease slightly. W hen cavitation begins, the lift decreases 
very rapidly. However, with the onset of cavitation the drag first in­
creases by 60 to 80 per cent and then decreases to very low values.
C o n d u i t  F l o w
Studies of M ultiple Laterals i n  Manifold Flow. A d o l f o  Y a n e s . 
M.S. Thesis, February 1951; Professor McNown, adviser. Earlier 
studies of flow through multiple laterals were extended to determine: 
( 1 ) the effect of port spacing of multiple-port manifolds on the vari­
ations in pressure and head losses ( see M.S. thesis by Escobar, “Stud­
ies of Manifold Flow,” 1948); (2 ) the influence of symmetrically 
placed ports on the pressure increase downstream from the ports; and
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(3) practical methods of applying the data on diverging flow in mul­
tiple manifolds obtained by Barton (see M.S. thesis, “A Study of Di­
verging Flow in Pipe Lines,” 1946). Measurements were made for 
flow in 1- and 2-inch pipes, and the observed results were found to 
depend somewhat on the Reynolds num ber of the pipe flow. (See 
Reprint 125.)
An Experimental Study of Energy Dissipators for Culvert Outlets.
L e o n c i o  R o d a . M.S. Thesis, August 1953; Professor Metzler, adviser. 
An investigation of the scour in the bed of a channel downstream from 
an energy dissipator installed at the outlet of a culvert was conducted. 
Tests were m ade of one energy dissipator proposed for use in Iowa, 
several modifications of this type, and others of entirely different de­
sign. Qualitative results of the study are presented.
Effect of Inlet Design on Square Culvert Flow. H e n b y  M a k s o u d . 
M.S. Thesis, February 1954; Professor Metzler, adviser. An experi­
mental study of the effect of inlet design on the discharge character­
istics of culverts of square cross section was made. For culvert inlets 
w ith flaring wingwalls and sharp junctures between the wingwalls, 
headwall, and barrel, separation from the top slab of the barrel and 
strong vortex motion in the pool above the inlet were shown to reduce 
considerably the efficiency when the culvert was operated with the 
headwater elevation above the crown. Rounding of the sharp corners 
at the entrance provided only minor improvement in the head-dis- 
charge relationship of the culvert. However, proper streamlining of 
the entrance plus provisions for elimination of the vortex produced a 
marked increase in the rate of discharge through the culvert for a 
given depth of headwater. ( See Bulletin 38.)
Pressure Conditions at the O utlet of a Pipe. D a n i e l  R u e d a - 
B r i c e n o . M.S. Thesis, February 1954; Professor Howe, adviser. The 
pressure distribution at various cross-sectional positions and the ver­
tical position of the hydraulic grade fine near the outlet of a 3-inch 
lucite pipe were determined experimentally. The pressure at the top 
and the upper part of the sides of the pipe near the outlet was found 
to be negative. The magnitude as well as the extent of the zones of 
low pressure depended upon the Froude number of the flow. The ele­
vation of the intersection of the hydraulic grade line with the plane 
of the oudet was also found to depend upon the Froude number. 
Qualitative, bu t not quantitative, agreement with both mathematical 
studies and previous experiments indicated that the shape and rela­
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tive roughness of the conduit, as well as the Froude number, affect 
both the pressure near the outlet and the vertical position of the hy­
draulic grade line.
Improved Culvert Inlet Design. J o h n  E. F l a c k . M.S. Thesis, Au­
gust 1954; Professor McNown, adviser. The discharge characteristics 
of various culvert-inlet models were determined using a 3-inch- 
square culvert. Diagrams of the coefficient of discharge as a function 
of the ratio of headwater depth to barrel height and the slope of the 
culvert were prepared for the models tested, and the results were 
compared with the performance of inlets of standard design. Two 
models that provided better hydraulic properties than the inlets com­
monly used were developed. The location of the piezometric grade 
line at the outlet was evaluated experimentally, and the variation of 
this location with the Froude number of the flow was determined. At 
Froude numbers less than 1.0, the intersection of the piezometric 
grade line with the plane of the outlet was significantly above the 
midpoint of the outlet, and at Froude numbers greater than 1.5 this 
intersection was found to be located at about the midpoint of the out­
let. ( See Bulletin 38. )
M easurement of F luid Resistance in Oscillatory Unsteady Flow in 
a Smooth Pipe. D o n  B. J o n e s . M.S. Thesis, August 1954; Professor 
McNown, adviser. Direct measurement of fluid resistance in oscilla­
tory unsteady flow in a smooth pipe was accomplished using a sys­
tem in which bulk acceleration of the fluid did not take place. A 
vertical tube, open at the top, was given a longitudinal, simple-har- 
monic motion, and the boundary resistance was measured by re­
cording the fluctuations in pressure on the face of a fixed piston at 
the base of the liquid column within the tube. D ata from exploratory 
measurements over a limited range of the Reynolds number were ob­
tained and compared with theoretical values. Effects of the amplitude 
of the stroke were found, as well as expected deviations from theory 
for large values of the Reynolds number. Data for small values of the 
Reynolds number, for which the closest correspondence with theory 
is expected, need refinement in order that a valid comparison with 
the theory can be made.
Variations of the Kinetic Energy Coefficient at the O utlet of 
Square Culverts. P e t e r  M. S m i t h . M .S .  Thesis, February 1956; Pro­
fessor Metzler, adviser. The purpose of the investigation was to deter­
mine the values of the kinetic-energy coefficient at the outlet of square
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culverts flowing full and having undefined channels, well-rounded en­
trances, horizontal barrels, and free outfall. Vertical, horizontal, and 
diagonal velocity profiles of a test section one barrel width upstream 
from the outlet of a 3-inch and of a 6-inch model were roughened for 
two tests. Tests were made with barrel lengths of 10, 20, and 30 bar­
rel widths and with the Froude num ber ranging from 0.83 to 1.75. For 
each test velocity contours were plotted and graphically integrated 
to yield the value of the kinetic-energy coefficient, which was then 
plotted against Reynolds num ber and Froude number. The experi­
mental values of the coefficient found one barrel w idth upstream from 
the outlet should be slightly smaller than the values at the outlet. At 
the outlet section the coefficient decreases as the Reynolds number 
and the Froude num ber increase and increases as the relative rough­
ness increases. If uniform flow is not established, it increases as the 
relative length increases. Uniform turbulent flow was essentially 
established at the length of 20 barrel widths. ( See Bulletin 38.)
Pressure Distribution in Two-Dimensional Flow at a Conduit O ut­
let. Yu n -Sh e n g  Yu . M .S . Thesis, February 1956; Professor Bouse, 
adviser. The purpose of this research was to investigate experimen­
tally and analytically the pressure distribution in two-dimensional 
flow at a conduit outlet and to interpret the resulting flow pattern. 
Analytically, the phenomenon was considered as a problem of two- 
dimensional potential flow and was approached by both the relaxa­
tion method and the resistor-network method. Experimentally, a rec­
tangular conduit outlet 3 feet long with a cross section of 3 inches by 
6 inches m ade of lucite plates )i inch thick was used. Forty-two pie­
zometer orifices were installed at seven different sections along the 
conduit. The distance from the outlet plane to the various measuring 
sections ranged from )i inch to 2.4 inches. Two setups with width- 
depth ratios of % and 2, each with and without wing walls, were in­
vestigated. The range of Froude number investigated was from 1.21 
to 4.5 for width-depth ratio of % and from 1.0 to 5.0 for width-depth 
ratio of 2. The results obtained by the analytical and the experimental 
methods were compared.
Velocity Distribution along a Short, Smooth, Square Culvert.
N a r a i n  B .  B i j h w a n i . M.S. Thesis, August 1956; Professor Metzler, 
adviser. The purpose of this investigation was to study the variation 
of velocity distribution along a short, smooth, square culvert. The re­
sults are based on w ater flowing through a 4-inch-square culvert
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with a well-rounded entrance. Two sets of data were taken; during 
one set the ratio of water depth to culvert depth at the inlet was ap­
proximately 1.4 and the conduit was horizontal, and during the other 
set this ratio was approximately 1.75 and the conduit slope was 4 
per cent. The nonuniformity of flow was indicated by coefficients of 
kinetic energy a, and momentum /3, which were evaluated by graph­
ical integration. The Karman-Prandtl universal law for velocity dis­
tribution near smooth boundaries was utilized to evaluate the bound­
ary shear, and hence the Darcy-Weisbach resistance coefficient f. 
The values of a, ¡3, and f were plotted for various sets of data. An inte­
grated curve showing the change of the average resistance coefficient 
(for the whole conduit) with the relative length of the conduit was 
plotted. The length of flow establishment was estimated, and the co­
efficients a, ¡3, and f were evaluated for the established flow. (See Bul­
letin 38.)
Inlet Loss in Laminar and Turbulent Flows. I Yu. M.S. Thesis, Feb­
ruary 1959; Professors Rouse and Landweber, advisers. An experi­
mental investigation of the establishment of uniform flow was con­
ducted in the oil-pipe assembly of the instructional laboratory. The 
first part supplements existing analyses of laminar boundary-layer 
development beyond a well-rounded pipe inlet. The second part 
deals with the turbulent flow produced by four short wires 0.012 inch 
in diameter inserted radially into the pipe to disturb the boundary 
layer a short distance beyond the inlet bell.
F a l l  V e l o c it y
Effect of Shape of Particles on Their Settling Velocities—Triaxial 
Particles. H i m a n s u  Ranjan Pramanik. M.S. Thesis, February 1950; 
Professor McNown, adviser. In an extension of Malaika’s study of 
the effects of particle shape on fall velocity (see Ph.D. dissertation, 
“Effect of Shape of Particles on Their Settling Velocity,” 1949, and 
Reprint 85), an investigation was made of particles having the form 
of rectangular prisms and double pyramids with all three axes un­
equal. Observations were made for Reynolds numbers ( based on the 
diameter of the sphere having the same volume ) between 10~4 and 
103, and values were determined for a shape coefficient to be applied 
to Stokes’ equation. It was found that within the Stokes range the 
value of the shape coefficient for a particle of known axis ratio and 
orientation can be estimated within 5 per cent from the theoretical
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curves for the settling velocity of an ellipsoidal particle. For higher 
Reynolds numbers, curves are presented which can be used to esti­
mate settling velocities for particles of any shape with an accuracy of 
15 per cent. ( See Reprint 130.)
Accelerated Motion of a Sphere. M a r io n  R o b e r t  C a r s t e n s . Ph.D. 
Dissertation, June 1950; Professor McNown, adviser. The forces on 
an oscillating sphere in a fluid medium were studied by experimental 
means. To facilitate measurements, the mass of the oscillating system 
was adjusted so as to produce resonance; in this way the inertial effec­
tive force and the dissipative (shear) force could be evaluated sep­
arately. The sphere motion was assumed to be at least approximately 
simple harmonic, and the data were compared with the results of the 
theory given by Stokes for laminar oscillatory motion. Variations of 
an added-mass coefficient and an equivalent laminar-resistance co­
efficient were determined for various Reynolds numbers and various 
relative amplitudes. The experimental results were applied to an 
allied problem of a stationary sphere in an oscillating fluid. The ex­
perimental results, as applied to this problem, were found to corres­
pond closely with the data of an experiment performed earlier in Ger­
many. The analysis was extended to include an approximate indica­
tion of the diffusion characteristics of suspended sediment in water. 
(See Trans. A.G.U., Vol. 33,1952.)
Mutual Influence of Two Freely Falling Spherical Particles and 
the Effects of a Plane Vertical Boundary on a Single Spherical 
Particle. J a g d is h  R a j  B a m m i . M.S. Thesis, August 1950; Professor 
McNown, adviser. A study was made of the effects of a neighboring 
sphere and of a nearby vertical plane boundary on the settling veloc­
ity of a single sphere. It was found that the settling velocity was af­
fected appreciably for horizontal spacings of ten diameters or less. 
The magnitude and zone of influence of these effects were found to 
decrease with increasing Reynolds number, becoming negligible for 
the highest number tested (700) except for very small spacings. For 
comparatively large spacings the effects of the container were found 
to be large; for spacings greater than 4 sphere diameters the velocity 
of the two spheres was less than that of a single sphere in an infinite 
medium. (See Reprint 100.)
Effect of Spacing and Size Distribution on the Fall Velocity of 
Sediment. Pin-Nam Lin . Ph.D. Dissertation, August 1951; Professor 
McNown, adviser. The effects of spacing and size distribution of sedi­
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ment in suspension on the fall velocity of the particles were investi­
gated, both theoretically and experimentally, for homogeneous sus­
pensions of uniform particles. The problem was essentially one of 
evaluating the hydrodynamic interference due to the superposition 
of velocity fields generated by the falling particles. Expressions for 
the velocity components induced at an arbitrary point in a suspen­
sion were derived on the basis of Oseen’s theory of viscous flow 
around a sphere. A theoretical relationship between the actual and 
reference fall velocities was then developed from these expressions. 
Results of this theory were compared with those observed in the lab­
oratory for suspensions of samples of sand and of glass beads, the 
samples having been carefully prepared so that the fall velocities of 
all particles in a given sample were the same. Observations were 
made for concentrations (by immersed weight) between 0.1% and 6%, 
for which surprisingly large reductions in velocity—10% to 30%—were 
recorded. The findings have been shown theoretically to be appli­
cable to stratified suspensions of nonuniform particles as well. This in­
dicates the possibility of applying the results obtained to the practical 
problems of sediment-size analysis. (See Reprint 109.)
Motion o f  a Spherical Particle in the Accelerated Portion o f  Free 
Fall. Robert W. Moorman. Ph.D. Dissertation, February 1955; Pro­
fessor McNown, adviser. A systematic study of the physical variables 
related to the motion of a spherical particle in the accelerated portion 
of free fall was made. Data were collected photographically over a 
range of terminal Reynolds numbers from 1 to 2000 for ratios of den­
sity of the sphere to density of the liquid between 1.2 and 9. A single 
equation and one accompanying plot are presented by means of which 
future occurrences can be predicted. Calculations of the variation of 
the velocity with time in the zone of acceleration, based on the 
assumption that the resistance in that zone is directly proportional to 
the instantaneous velocity, gave results that were in good agree­
ment with the velocity variation determined experimentally. This 
confirms the findings of Carstens for harmonic motion but is at 
variance with the assumption of many previous investigators o f  free 
fall that the exponents and drag coefficients for uniform motion are 
applicable.
F l o w  M e a s u r e m e n t
The Development of a Turbulence Pitot for Use in Water. D a v id  
W. A p p e l . M.S. Thesis, June 1949; Professor Rouse, adviser. A n  instru­
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ment having the form of a Prandtl Pitot with an elastic diaphragm be­
tween the tip and the side piezometer openings was developed. The 
deflection of the diaphragm is proportional to the differential pres­
sure and is detected electrically through the change in reluctance of 
a small coil behind the diaphragm. The characteristics of the instru­
ment were determined from measurements in a submerged jet. Its 
directional and frequency limitations are discussed.
A Direct Optical Method for Measuring Fluid Velocities in Lami­
nar Flow. E l l is  B e r t r a m  P i c k e t t . M.S. Thesis, August 1950; Profes­
sor Pcsey, adviser. A method and apparatus for direct optical deter­
mination of the fluid velocity in any filament of steady, uniform, 
laminar flow in a pipe or channel are described in this thesis. The lim­
itations of the method and apparatus are recognized and recommen­
dations are made for their improvement. Observations were made on 
the ground glass of a camera of the movement of minute aluminum 
particles, carried in suspension and illuminated in a vertical plane, in 
comparison with an electrically driven, variable-speed thread in 
front of the ground glass. Velocities ranging from less than 0.001 foot 
per second to 0.100 foot per second were accurately observed, less 
tlian two minutes being required for each determination. Displace­
ment of the plane of illumination permitted measurements to be made 
over an entire trapezoidal cross section.
The Study of the Price Current Meter in Low Velocity Flow. W i l ­
l i a m  G. H a l l . M.S. Thesis, February 1953; Professor Boyer, adviser. 
The purpose of this investigation was to determine the effect of the 
number of bucket-wheel cups on the low-velocity rating of the Price 
current meter. Bucket wheels with six, five, four, and three cups were 
tested for the stalling speed of the meter, for the minimum velocity at 
a constant number of revolutions per foot of travel, and for the slope 
of the rating curves. The meter was towed in a glass-walled flume at 
velocities from 2 feet per second down to the stalling speed of the 
meter. The meter was also placed in an air tunnel and run at air 
speeds from 22 feet per second to 60 feet per second. The present six- 
cup bucket wheel was found to be the best of those tested.
Constant-Temperature Hot-Wire Anemometry with Application 
to Measurements in Water. P h i l i p  G. H u b b a r d . Ph.D. Dissertation, 
June 1954; Professor Bouse, adviser. In order to fill the critical need 
for an instrument to measure the turbulent characteristics of flowing 
water under laboratory conditions, the hot-wire anemometer—widely
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used for measurements in air—was tested and adapted for use in wa­
ter. Special attention was given to those properties of water ( ambient 
temperature and pressure, sediment content, and electrochemical ef­
fects ) which complicate the problem and have prevented a general 
application of the method. Means of cancelling the effects of each of 
these extraneous variables were devised and tested, and a working 
model was built. As a part of the dissertation, the theory of constant- 
temperature operation of a hot wire is presented, and the practical 
design procedure is described in detail. The metering circuits and 
computational procedures necessary to derive the desired statistical 
quantities from the indications of the electrical apparatus are also in­
cluded so that all of the information needed to design, construct, cali­
brate, and use an instrument is made available. Finally, a compari­
son was made between results of measurements with similar instru­
ments operating in water and in air. ( See Bulletin 37.)
Measurement of Flow Characteristics by the Hot-Film Technique.
S u n g - C h i n g  L i n g . Ph.D. Dissertation, June 1955; Professor Yih, ad­
viser. A project to develop a dependable technique for measuring tur­
bulence in water culminated in the production of a hot-film sensing 
element which was also applied to high-temperature and high- 
velocity flows of gases. This element possesses many desirable char­
acteristics, such as high mechanical strength, good dynamic response, 
long life, high signal sensitivity, and high temperature stability. The 
dynamic and static heat-transfer characteristics of the hot film were 
investigated, both analytically and experimentally. A complete instru­
ment which operates this sensing element on the constant-tempera- 
ture principle was built. Theories of equipment design, operational 
procedures, and computational steps to obtain the various flow char­
acteristics are explained. Finally, some sample measurements are de­
scribed to demonstrate the art of hot-film anemometry. (See Bul­
letin 37 and Reprint 145.)
( The following abstracts are of theses w ritten by students of the De­
partm ent of Electrical Engineering. They are included here because 
their subject m atter is related to instrumentation problems of interest 
to the Institute and because the studies were prepared using the fa­
cilities located at the Hydraulics Laboratory.)
An AC-Bridge Hot-Wire Anemometer with Constant Temperature 
Operation. P e t e r  L. B e r n t s e n . M.S. Thesis, August 1950; Professor 
Lonsdale, adviser. A hot-wire anemometer for use in air was designed 
to take advantage of the freedom from drift of AC amplifiers, as com­
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pared to their DC counterparts. The heating-current frequency was 
30 kilocycles, and satisfactory response to modulation frequencies 
up to 2500 cycles was obtained. Stability was noticeably improved 
over that of the DC type of instrument.
Analogue Computer for Multiplication. J o h n  J . St a f f o r d . M.S. 
Thesis, August 1952; Professor Lonsdale, adviser. This thesis de­
scribes an instrument developed under Institute sponsorship for use 
in analyzing random fluctuations in the output voltage of various 
electrical transducers for measurement of turbulent velocities and 
pressures. It is based on the use of selected vacuum tubes which are 
rich in harmonics. The fundamental and odd-order harmonics are 
eliminated by a parallel arrangement of two tubes, so that the dom­
inant component in the output is the second harmonic. This charac­
teristic was used in a quarter-square circuit to make a function multi­
plier capable of operating from very low frequencies to beyond 20 
kilocycles.
Application of a Magnetic Tape Recorder to the Analysis of Con­
tinuous Random Signals. J a c k  L. M o r t l e y , M.S. Thesis, August 
1959; Professor Ware, adviser. An electronic integration instrument 
for use with continuous random signals was designed and constructed 
under sponsorship of the Institute. Its operation is based on use with 
the Ampex 1104FM tape recorder, so that expansion or compression 
of the time scale can be arranged simultaneously with digital readout. 
Time of integration extends from the period of ordinary dArsonval 
meters to several hours. Tests showed an over-all error of less than 
0.5 per cent.
H y d r o l o g y
Influence of the Location of Storm Runoff on Shape of the Unit 
Hydrograph. Y u - C h e h  So o n g . M.S. Thesis, February 1950; Professor 
Howe, adviser. A study was made of the relationships between the 
shape of the unit hydrograph and the rainfall in the Iowa River Basin, 
which is characterized by a very large length-width ratio. The param­
eters used were the mean-time and standard-deviation characteris­
tics of the unit hydrograph and the weighted mean distance and 
weighted concentration coefficient, which define the rainfall-excess 
distribution over this basin. Relationships between mean time and 
weighted mean distance and between the standard deviation and a 
combination of basin characteristics were obtained.
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Minimum Expected Yield from Small Watersheds Using Synthetic 
Meteorological Years. C h a r l e s  E. L e w a l d . M.S. Thesis, June 1950; 
Professor Howe, adviser. A method was developed for deriving a 
short synthetic meteorological period from Weather Bureau records 
for use in estimating the minimum yield of small watersheds. For use 
in conjunction with this synthetic meteorological period, a concept is 
proposed which eliminates the necessity for construction of a mass 
curve of monthly net yields. Advantages claimed are the following:
(1) critical dry periods can be anticipated; (2) minimum yield ex­
pected can be predicted with regard to frequency of occurrence; (3) 
determination of net yield may be restricted to three synthetic meteor­
ological years; and (4) for small watersheds the necessity of estimat­
ing monthly net yield and of constructing a mass curve has been 
eliminated.
A Study of the Relationship between Watershed Characteristics 
and Distribution Graph Properties. R ic h a r d  G. W a r n o c k . M.S. The­
sis, February 1952; Professor Howe, adviser. In this investigation the 
properties of the distribution graph, including the time to peak, the 
time base, and the peak percentage of discharge were correlated with 
the watershed characteristics, size of the area, the land slope, and the 
shape of the basin. The data were taken from 33 Illinois drainage ba­
sins, ranging in size from 10.1 square miles to 1,364 square miles. The 
land slope was found to be an important factor in the correlations for 
areas smaller than 200 square miles. Inclusion of the shape, expressed 
as a compactness coefficient or a form factor, improved most of the 
correlations. Curves for the derivations of the distribution-graph 
properties from the watershed characteristics are given.
Evaluation of the Storage Factor for Flood Routing in Natural 
Channels. A l b e r t o  V a l . M.S. Thesis, June 1954; Professor Boyer, ad­
viser. Valley storage along two reaches of the Des Moines River in 
Iowa was studied. The storage is presented as a function of the out­
flow from each reach and methods of utilizing channel storage in 
flood routing are discussed.
Frequency of Infiltration Intensities on Rapid Creek Watershed.
C h i e h -S h y a n g  So n g . M .S . Thesis, February 1956; Professor Howe, 
adviser. Average infiltration rates for 48 storms occurring in the years 
1943 through 1953 were computed by four different methods. Fre­
quency relations, in the form of duration curves, were drawn for each 
method of analysis. The relation between the stream flow immedi­
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ately before the rainfall, the infiltration capacity of the soil, and the 
time of excess rainfall were also studied. It was found that the area 
factor is more important than the time factor in computing infiltra­
tion rates.
Synthetic Unit Hydrographs Based on Triangular Inflow. J a m e s  
C. I. D o o g e . M.S. Thesis, June 1956; Professor Howe, adviser. This 
study is concerned with the problem of synthetic unit hydrographs, 
that is, the prediction of surface runoff on the basis of only such infor­
mation as is available from a topographic map of the catchment area. 
A theory of the unit hydrograph is presented which links the unit-hy- 
drograph principle with the presence of linear storage in the catch­
ment area. The nature of the runoff process and the morphology of 
natural catchments are discussed in order to provide a basis for a syn­
thetic method. It is argued that the instantaneous unit hydrograph can 
be produced by routing a triangular inflow through a single element 
of linear reservoir storage, and hydrographs derived in this way are 
shown to give excellent agreement with both the dimensions and 
shape of unit hydrographs derived by other means. In the final chap­
ter a practical procedure is outlined and two examples presented.
A Method for the Synthesis of Unit Hydrographs for Small W ater­
sheds. A l b e r t o  M. V i l l a b e s . M.S. Thesis, June 1956; Professor 
Howe, adviser. A  procedure for producing a synthetic hydrograph 
was developed for 20 small watersheds ranging in area from 22.5 to 
199 square miles. The time-to-peak and unit-peak values were ob­
tained in terms of the basin characteristics. An expression was derived 
for the entire unit hydrograph. The results were compared with those 
of other investigators and are believed to be applicable to small 
watersheds which are physiographically similar. The synthetically de­
veloped hydrographs should be useful in determining the size of spill­
ways required for reservoirs on small watersheds.
Investigation of Storage Effects of Reservoirs Subjected to Super­
floods. St e v e n  D o l a . M .S . Thesis, February 1957; Professor Posey, 
adviser. This thesis studies the effect of reservoir type, spillway 
length, spillway-crest elevation, outlet-conduit size, and hydrograph 
time base on reduction of peak inflows of superfloods by reservoirs. 
These physical characteristics describing the reservoir, dam, and flood 
hydrograph are combined and expressed as a dimensionless param­
eter which, when plotted as the third variable on a dimensionless 
plot, permits the quantitative evaluation—sufficiently accurate for
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preliminary purposes—of the reduction in the peak inflow of a super­
flood by a reservoir. The relative effectiveness of reservoirs in reduc­
ing peak inflows of superfloods may be compared simply by evaluat­
ing the above dimensionless parameter.
Hydrologic Safety Standards for Spillway Capacity. Olaf M.
E r ic k s o n . M.S. Thesis, August 1957; Professor Posey, adviser. The 
three approaches for estimating a spillway design flood—flood for­
mula, frequency analysis, and the unit-hydrograph method—have 
been examined and an attempt has been made to point out the limita­
tions and merits of each. A standard procedure is suggested for esti­
mating a spillway design flood by classifying dams, and classifying 
the design storm and infiltration estimate to be used in classifying 
the dam. A standard flood could then be derived by the unit-hydro­
graph method of analysis.
A Study of the Factors Which Affect Infiltration Rates on the Ral­
ston Creek Watershed. M e r w i n  D .  D o u g a l . M .S . Thesis, February 
1958; Professor Howe, adviser. The intensity and duration of rainfall, 
the antecedent precipitation index for a measure of soil moisture, and 
the season of the year were investigated to determine their relation 
to the infiltration index. A three-quadrant graphical correlation was 
developed for computing the infiltration index for observed values 
of each factor. Observed values of infiltration index varied between 
0.09 and 2.35 inches per hour for the 258 storms studied.
Investigation of Storage Effects of Reservoirs Subjected to Super­
floods. Yu a n - P o  K o u . M.S. Thesis, February 1958; Professor Posey, 
adviser. This thesis is a continuation of the investigation of Dola. His 
results were extended to a wider range of the depth-capacity expo­
nent, m, which is one of the most important factors affecting the stor­
age effect of a reservoir. This thesis also offers a method of comparing 
the storage effects of reservoirs if the values of m  and the maximum 
spillway surcharge are available.
Relation of Soil Moisture Content and Rainfall Intensity to Infil­
tration Rates on Rapid Creek. J y u h -S h e n g  C h a n g . M .S . Thesis, June 
1958; Professor Howe, adviser. Data from 48 storms occurring in the 
years 1943 through 1953 were used to determine the relationships 
between rainfall intensity, soil moisture content, and infiltration rates 
on the Rapid Creek watershed. The correlation of these factors was 
studied graphically with the infiltration rate as the dependent vari-
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able and the rainfall intensity, soil moisture content, season, and dura­
tion as independent variables.
Prediction of Runoff Frequency from Precipitation and Infiltration 
Frequencies. M a n z u r  Ahmed Chowdhury. M.S. Thesis, August 
1958; Professor Howe, adviser. The purpose of this investigation was 
to determine the runoff frequency from precipitation and infiltration 
frequencies. The analysis was made with the available data for three 
watersheds—Ralston Creek, Rapid Creek, and the Piscataquis River— 
which range in size from 3 to 460 square miles. Infiltration and pre­
cipitation frequencies, determined from the recorded data, were 
used to compute the runoff frequency, which was then compared to 
the observed magnitude.
I r r o t a t io n a l  F l o w
Characteristics of Irrotational Flow from Axially Symmetric 
Orifices. A b d e l - H a d i A b u l - F e t o u h . Ph.D. Dissertation, August 
1949; Professor Rouse, adviser. Although an exact analytical solu­
tion of the orifice problem has not yet proved feasible, use of the 
method of relaxation has permitted a numerical determination of the 
flow characteristics to be made with sufficient precision for the prob­
lem to be considered solved. The coefficient of contraction is found to 
be practically identical with that evaluated by von Mises for two-di­
mensional flow from slots over the entire range of area ratio, and 
reasonable agreement is shown to exist between measurement and 
computation. Coordinates of the jet profiles are presented in tabular 
and graphic form, and are found to differ appreciably from those pre­
viously adapted from the two-dimensional case. A  composite dimen- 
sionless chart is also provided showing the distribution of pressure 
along the boundary and center line and across the efflux section for 
the various area ratios. ( See Reprint 83.)
Approximate Analyses Interrelating Pressure Distribution and 
Axisymmetric Body Form. E n -Yu n  H su . Ph.D. Dissertation, Febru­
ary 1950; Professor MeNown, adviser. Methods are presented for 
mathematically defining body forms with preassigned pressure or 
velocity distribution. Approximate solutions were obtained by means 
of (a) numerical methods and (b ) a simplified analytical approach. 
In either case, the solutions are applicable to real flows only if the 
Reynolds number is large and the body well streamlined, so that the 
flow is essentially irrotational. The relaxation procedure, a numerical
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or finite-difference method for the solving of the appropriate differen­
tial equations of motion, was applied in finding the cavitation-pocket 
form around a hemispherical head with parallel afterbody. As an ex­
pedient, a solution to the Laplacian equation in elliptical coordinates 
was obtained in a mathematical analysis based on the assumption 
that the body profile is slender. Two series of profiles, one symmetrical 
fore and aft and the other unsymmetrical, were evaluated for various 
specified pressure and velocity variations and for various ratios of 
maximum diameter to length. It can be concluded that the problem of 
defining, with good approximation, a body form with an assumed 
pressure distribution can be solved by the latter method. The solution 
is significant, in that form drag can be reduced and cavitation-free 
body forms can be obtained for known conditions of flow. ( See Re­
prints 95 and 127.)
An Exploratory Study of Vortex Rings. A r t h u r  K. J o h n s t o n . M.S. 
Thesis, June 1953; Professor McNown, adviser. An experimental in­
vestigation was made to determine the properties of vortex rings and 
to compare these properties with those derived from theoretical a- 
nalysis. Vortex rings were generated in air, using a piston and cylinder 
with a sharp-edged orifice in the end. The vortex rings produced were 
observed visually using smoke, and measurements of their velocities 
were made with a hot-wire anemometer and an oscilloscope. The ma­
jor finding of the investigation was that freshly generated vortex 
rings may be classified by three parameters: (1) the ratio of the ring 
diameter to the core diameter, (2) the ratio of the product of the ring 
diameter and the speed of translation to the circulation, and (3) the 
ratio of the center velocity to the speed of translation. Only the first 
two of these ratios are implicit in the existing mathematical theory of 
vortex rings, but the experimental results showed that it is also neces­
sary to consider the third. Although the theory also assumes that the 
motion is irrotational, a rotational core was found in all rings tested.
Path of a Spherical Particle in the Flow Field about a Sphere.
W o o k  D o n g  K i m . M.S. Thesis, February 1956; Professor Landweber, 
adviser. The arbitrary motion of two spheres in an infinite, inviscid, 
irrotational fluid was analytically studied by using the method of suc­
cessive images and a theorem relating added masses and doublet 
strengths. The kinetic energy of the given dynamic system and the 
differential equation of motion have been determined. A numerical 
solution for the motion of a small sphere along the line of centers for
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the case in which a large sphere moves with uniform velocity is pre­
sented.
The Added Masses of Prolate Spheroids Accelerating under a 
Free Surface. M. R. B o t t a c c in i . Ph.D. Dissertation, June 1958; Pro­
fessor Landweber, adviser. The motion of a submerged body under 
accelerative forces may be divided into two components: a steady 
part, dependent only on velocities; and an unsteady part, dependent 
on accelerations as well as velocities. The steady part has been in­
vestigated thoroughly. The unsteady part is known only for an in­
finite three-dimensional fluid. This dissertation presents the theory of 
accelerated motion of a spheroid moving in a heavy nonviscous fluid 
in the neighborhood of a free surface. Use is made of the general 
Lagally theorem. The general form of the solution is given and special 
cases are described.
Experimental Investigation of the Added Mass of Cylinders Oscil­
lating Horizontally in a Free Surface. C h o u - C h e n  W u . M.S. Thesis, 
August 1959; Professor Landweber, adviser. The cylinders involved 
in this study were of ogival section. The free-vibration method was 
used for determining their natural frequencies in air and water. From 
the difference of these two natural frequencies, the added-mass co­
efficients were obtained. Experimentally it was found that: (1) the 
added-mass coefficient for horizontal vibration is a complicated func­
tion of the Froude frequency number; (2) the results obtained from 
the flush ogive-shaped sections are more reliable than those from the 
circular cylinder at small and intermediate frequencies; and (3) at 
high frequencies the trend of both sets of data is toward the theoreti­
cal asymptotic values.
J e t s
Pressure and Velocity Fluctuations in a Submerged Jet. S. Rex
C a r r . M.S. Thesis, February 1958; Professor Rouse, adviser. An ex­
perimental investigation of the turbulence characteristics in the zone 
of flow establishment of an axisymmetrical jet of air is described. Both 
pressure and velocity characteristics of the turbulence were meas­
ured and their correlation studied. In addition to the hot-wire ane­
mometer, a mechano-electronic pressure probe was used, and several 
head forms were checked for suitability as pressure-sensing devices.
Investigation of the Penetration of a Jet into a Counterflow. T. R.
K r i s h n a  R a o . M.S. Thesis, February 1958; Professor Rouse, adviser.
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A study of a high-velocity jet from a nozzle of small diameter directed 
upstream against a uniform flow was conducted in the 3x3xl0-foot 
test section of an air tunnel. Measurements were made of the mean 
velocity through use of a Pitot cylinder, and of the turbulence through 
use of a hot-wire anemometer. A nondimensional plot of the mean- 
flow pattern, including the jet envelope, was obtained through use of 
the momentum flux from the nozzle as the sole jet parameter.
Studies of an Annular Jet in Proximity to the Ground with Ambient 
Velocity. Sa t y a  P r a k a s h  G a r g . M.S. Thesis, August 1959; Professor 
Mack, adviser. Experiments were conducted on an axisymmetric an­
nular jet directed against a ground plate in a 3x3-foot air tunnel. 
The augmentation of lift ( that is, the ratio of total lift on the nozzle 
to the momentum flux of the je t) was seen to increase with decreasing 
distance of the jet from the plate. The effect of ambient wind velocity 
was to cause a reduction in the augmentation. An analytical treatment 
of the effect of ambient wind was made and the experimental results 
were seen to follow the trend indicated by the analysis. The effect of 
jet mixing was also studied theoretically. (See Reprint 164.)
An Annular Jet Directed against a Nearby Water Surface. B e n - 
C h i e  Ye n . M.S. Thesis, August 1959; Professor Mack, adviser. The 
proximity of an annular air jet to a surface causes a rise in the pressure 
on the base of the nozzle and hence produces a lift force greater than 
that due to the jet momentum flux alone. When the nearby surface is 
liquid, this augmentation of lift is shown to depend on the momentum 
flux of the jet as well as on the relative altitude above the surface. 
Theoretical studies for both two-dimensional and axisymmetric cases 
are presented. Lift augmentations, base-pressure distributions, and 
water-surface configurations obtained experimentally for an axisym­
metric nozzle are also discussed. (See Reprint 164.)
The Effect of a Free Surface upon the Velocity Distribution of a 
Submerged Jet. J a m e s  J o s e p h  M b o s s . M.S. Thesis, February 1960; 
Professor Hubbard, adviser. The velocity distribution was deter­
mined for free surfaces from 1.4 to 12 diameters above the jet center 
line, and was found to be generally described by the normal prob­
ability curve. Although the velocity profiles varied for low free sur­
faces, the kinetic-energy flux, the momentum flux, and the volume flux 
were found to be closely approximated by the equations derived by 
Dai (Reprint 88).
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M o d e l  St u d ie s
A Study of Flow from a Submerged Sluice Gate. H a r o l d  R o b e r t  
H e n r y . M.S. Thesis, February 1950; Professor Rouse, adviser. An in­
vestigation was undertaken at model scale to obtain the mean-flow 
and turbulence characteristics of a sharp-edged sluice gate operating 
at various degrees of submergence. A generalized diagram for the 
discharge coefficient as a function of opening and submergence ra­
tios was prepared from the results of the experiments and was com­
pared with impulse-momentum requirements. Measurements of the 
intensity of turbulence by means of the Appel tube were used to eval­
uate the energy changes from section to section. ( See discussion by 
Henry in Reprint 88.)
Pressure Distribution on the Downstream Face of a Submerged 
Weir. M i c h a e l  B a r  S h a n y . M .S . Thesis, June 1950; Professor Alin, 
adviser. A determination was made of the pressure variation along 
the downstream face of a model of a low spillway operating under 
various degrees of submergence, in order to evaluate the magnitude 
of its contribution to the stability of the spillway structure. As a sec­
ondary aspect, discharge coefficients for various degrees of submer­
gence were determined.
Modification of Pressure Distribution around Buildings due to 
Parapets. P h i l i p  S. N a c y . M.S. Thesis, June 1951; Professor Howe, 
adviser. Flat-roofed building models with parapets of different 
heights were tested in an air tunnel, pressures being measured at 
various points on their surfaces in a continuation of a previous thesis 
by Chien, Feng, and Wang ( “Pressure Distribution on Models of 
Three-Dimensional Buildings Exposed to Moving Air,” 1948). The 
results were compared with those of the previous thesis by means of 
pressure-distribution contour maps. A large decrease in the intensity 
of negative pressure on the roof occurred as the result of the addition 
of a parapet, while only a slight effect was noted on the walls.
The Effect of Lip Angle upon Flow under a Tainter Gate. A r t h u r  
T o c h . M.S. Thesis, February 1952; Professor Metzler, adviser. Ob­
servations of various parameters of flow were made on a model 
Tainter gate of 1-foot radius r at various magnitudes of the gate open­
ing b, trunnion height a, headwater elevation h, and tailwater eleva­
tion t. The experiments were conducted in a glass-walled flume, 1 
foot wide, 2 feet deep, and 10 feet long. All measurements were re­
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duced to three dimensionless diagrams showing the discharge co­
efficient C as a function of h/r, t/r, b/r, and a/r  for both free and sub­
merged efflux. (See Trans. A.S.C.E., Vol. 120, 1955.)
Discharge Characteristics of a Tainter Gate on a Spillway. Z y n o - 
w i j  M. G l o w i a k . M.S. Thesis, February 1955; Professor Metzler, 
adviser. The discharge coefficient and the pressure distribution along 
the spillway of a Tainter gate on a curved spillway for low dams were 
determined. The gate opening was held constant while the headwater 
depth, tailwater depth, trunnion height, and position of the lip of the 
gate relative to the spillway crest were varied. The discharge coeffi­
cient is presented graphically as a function of boundary geometry. A 
method of determining the discharge coefficient using the principles 
of continuity and conservation of energy along with simplifying as­
sumptions is presented.
Relative Efficiency of Draft Tube Forms. B e n o y e n d r a  C h a n d a . 
M.S. Thesis, August 1955; Professor Howe, adviser. The relative 
efficiencies of conical and Prasil types of water-turbine draft tubes 
were compared experimentally. The performance was compared for 
radial inflow ( 0° whirl ) at the entrance with the deflection plate at 
a distance equal to the inlet diameter of the tube. For both draft 
tubes it was found that the performance improved with decrease in 
the angle of flare. For short lengths, it was found that the Prasil tube 
was superior to the conical tube, but this superiority decreased as the 
length was increased and, finally, for the maximum length tested the 
Prasil tube was slightly inferior to the conical. The distance of the de­
flection plate from the end of a conical draft tube was found to have 
no influence on the efficiency for distances equal to or greater than 
the inlet diameter of the tube, but the efficiency decreased when the 
deflection-plate distance was reduced to less than the inlet diameter.
Pressure Distribution on Flashboards. E r n e s t o  D. B a c c i . M.S. 
Thesis, February 1956; Professor Howe, adviser. The distribution of 
pressure on both sides of a flashboard was determined for different 
conditions of head over the spillway crest, height of flashboard, tail­
water elevation, and downstream-apron inclination. The tests were 
run in a channel 25 feet long and 1 foot wide. The model was located 
11/4 feet downstream from the stilling tank. It consisted of a flash­
board made of brass 4 inches high, 1 foot wide, and % inch thick, sup­
ported on a spillway with a movable downstream apron. Pressures 
on the flashboard were measured with seven piezometers on each
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face. The spillway model was 8 inches high; the upstream part of the 
crest profile had the form of a quarter ellipse. The downstream face 
was hinged to the high point of the ellipse, so that inclinations 
of 60°, 45°, 30°, and 0° with the horizontal were obtained. Heads 
over the spillway crest of 1.5, 2, 2.5, 3, and 4 times the flashboard 
height were tested. The results are shown in graphs, the net 
moment on the flashboard being plotted against the submergence 
ratio for different heads on the spillway crest for each of the four 
apron inclinations. The net moment on a flashboard depends upon the 
head, the tailwater depth, and the downstream-apron inclination. The 
moment is maximum when there is no tailwater influence and de­
creases with increasing submergence.
Discharge Characteristics of Low Weirs and Sills. P. K . K a n d a - 
s w a m y . M.S. Thesis, February 1957; Professor Rouse, adviser. The 
discharge coefficient and the nappe profiles were determined experi­
mentally for relatively low weir heights. The data of the present inves­
tigation together with those obtained by Rouse at M.I.T. are pre­
sented to define the discharge coefficient and the surface profiles for 
the entire range from zero to infinity of the ratio of head to weir 
height. (See Reprint 160.)
Comparison of Efficiencies of Axial Flow Draft Tubes. S h i e h -  
W e n  M a o .  M.S. Thesis, February 1957; Professor Howe, adviser. 
This investigation, a continuation of the work of Chanda, compares 
the relative efficiencies of four types of axial-flow draft tubes, namely, 
conical, Prasil, White, and Moody, under an identical experimental 
setup with similar flow conditions at the entrance, identical surface 
roughness, and the same ratio of inlet and outlet areas for all the 
tubes. Three lengths of each type of tube were tested without model 
runner, and the whirl into the draft tube was introduced by movable 
guide vanes. The relative performances of axial-flow draft tubes were 
compared for various lengths as well as various whirls.
The Effect of Relative Height of Model Buildings upon Wind 
Pressure Distribution. W i l l i a m  S. H a r t l e y . M.S. Thesis, August 
1958; Professor Howe, adviser. Tests were made on models of build­
ings in which the cross section was held constant and the height was 
varied. Pressures using the dimensionless parameter Ap/('pV2/2 j were 
referred to an ambient velocity at a section in line with the front face 
of the model. Angles of attack of 0° and 45° were used on models with 
square cross section and height-to-depth ratios ranging from 1 to 6.
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An angle of attack of 0° was used on models with a width of twice the 
depth and the height-to-depth ratio ranging from 1 to 6.
Effects of Eaves on Pressure Distribution around Model Build- 
ings. J. V. N a g a r a ja . M.S. Thesis, June 1959; Professor Howe, ad­
viser. The problem of the evaluation of pressure distribution around 
model buildings with eaves is analyzed with geometrically similar 
angular models on the assumption that dynamic similarity exists when 
the flow pattern around the buildings is reproduced in the experi­
ments. The dimensionless parameter Ap/(pV2/2)  at various piezom­
eter points on the surface of the building models was evaluated with 
reference to a predetermined piezometer location on the floor of the 
air tunnel. Pressure-intensity analysis was conducted for two types 
of models, one with flat roof and the other with a gable roof at an 
angle of 45°. The ratio between the eave width and the height of the 
model varied from zero to in steps of 1/12. The isopiestics for angles 
of attack of 0°, 45°, and 90° indicate that the eaves reduce the negative 
pressure intensity on the leeward wall and increase the negative pres­
sure on the roof.
Moments on a Flashboard. A l a n  H. Sc h u l t z . M.S. Thesis, A u ­
gust 1959; Professor Howe, adviser. This investigation was performed 
as an independent check of the results of an earlier thesis by Bacci. 
The net moment on a flashboard was measured with a balance scale 
for various conditions of head, tailwater depth, and downstream- 
apron inclination. The results, as graphically represented, indicate 
that the maximum moment on a flashboard will occur when the tail­
water is low, the downstream apron is steeply inclined, and the head 
on the flashboard is a maximum. This investigation arrives at a means 
of designing flashboards to meet operational requirements.
O p e n - C h a n n e l  F l o w
A Study o f  Meanders. C e z a r  P. N u g u id . M.S. Thesis, August 
1950; Professor Posey, adviser. Field measurements were made o f  
meandering streams in the vicinity of Iowa City, Iowa. A length- 
measuring device was developed which served very well for the 
measurement of the talweg of the streams, readings being taken dur­
ing the winter when the streams were ice covered and easily access­
ible. From qualitative observations an attempt was made to evaluate 
the variables numerically. Among others, the following conclusions 
were drawn: (1) that a stream tends to maintain an equilibrium slope
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within its system, resulting in meandering; (2) that true meandering 
streams may be considered as graded streams for practical engineer­
ing purposes; (3) that irregularities in meander patterns are due to 
local changes in alignment caused by nonuniform bank conditions; 
and (4) that it is possible to obtain a quantitative relation between 
discharge, size of bed material, and slope.
Effect of the Submergence of the Stilling Basin Sidewalls on the 
Hydraulic Jump. St a v r o s  N ic o l a o u . M.S. Thesis, August 1951; Pro­
fessors Howe and Alin, advisers. An experimental investigation of 
the effects of submergence of the sidewalls of a stilling basin on the 
downstream elevation of the hydraulic jump was made in a rectan­
gular flume 2.5 feet wide. Three different channel widths and several 
wall heights were tested. It was found that flow returning over the 
sidewalls along their upstream length appreciably decreased the 
downstream depth of the hydraulic jump, and quantitative values 
were determined for the range of variables studied.
Effect of the Reduction of Stilling Basin Sidewalls on Tailwater 
Elevations in the Basin. J o h n  R. S h e p p a r d . M.S. Thesis, June 1953; 
Professors Alin and Howe, advisers. As a continuation of the work of 
Nicolaou, an experimental study to determine the feasibility of reduc­
ing both the height of the sidewalls and the depth of excavation for 
the bottom of a stilling basin was made. Such reductions were found 
to be possible because of the effect of the overflow from the sidewalls 
onto the jump in reducing the downstream depth of the jump. Results 
of both this and the previous investigation were plotted as a compos­
ite figure which shows the effect of four dimensionless parameters 
of the stilling basin on the hydraulic jump under conditions of back­
flow over the top of the sidewalls.
Oscillatory Gravity Waves in Flowing Water. T u r g u t  S a r p k a y a . 
Ph.D. Dissertation, June 1954; Professor Yih, adviser. The conditions 
of stability of progressive oscillatory gravity waves in flowing water 
were investigated, and an evaluation of the influence of various 
characteristics of flowing water on the velocity of propagation of 
stable waves was effected by making a comparison of the experi­
mental results with those obtained from the available theories, par­
ticularly those of Stokes and Struik. The following conclusions were 
reached: (1) for a given flow, there is only one neutrally stable wave; 
(2) the celerity of a stable ascendant wave in flowing water is smaller 
than that obtained from the theories of Stokes and Struik, and the
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celerity decreases slightly with increasing wave steepness; (3) the 
deviation of the measured wave velocity from that obtained from po­
tential theory increases with increasing Froude numbers and de­
creases with increasing Reynolds numbers; and (4) for a channel 
with an artificially roughened bottom the deviation is greater than the 
corresponding one in a channel with a smooth bottom.
Lowering of Channel Entrance Grade Line to Increase Discharge.
C h u a n -C h u n g  C h a n g . M.S. Thesis, February 1957; Professor Posey, 
adviser. A study was made of the increase of discharge delivered into 
a channel leading from a reservoir as a result of deepening the en­
trance reach to form a transition of uniform gradient. By use of nu­
merical calculations, it was found that the horizontally excavated 
transition provides the maximum increase of discharge for a given 
amount of excavation. The relation of the increase of discharge to the 
geometry of the deepened transition was determined, and the effect 
of channel condition on the increased flow ascertained. Charts which 
will facilitate the solution of practical problems, together with a nu­
merical example, are presented.
Study of Backwater Curves in a Triangular Channel. K r is h a n  
P ia r a  S i n g h . M .S . Thesis, August 1958; Professor Posey, adviser. Use 
is made of data from experiments conducted on the right-angled-tri- 
angular flume at Rocky Mountain Hydraulic Laboratory for the pur­
pose of investigating friction losses in open channels, using different 
artificial roughnesses. The equation of gradually varied flow for the 
triangular channel has been derived and tables compiled for evalu­
ating the required integral function. A brief discussion of the various 
existing methods for computing backwater curves is also included. 
The value of Manning’s roughness factor, as obtained for the normal 
flow for a particular discharge and bottom slope, has been used for 
all the backwater curves for the same discharge and bottom slope. It 
has been assumed that the energy loss through friction, at a given sec­
tion, is the same in nonuniform flow as it would be for uniform flow at 
the depth of flow existing at that section. The computed water-surface 
profiles for M l, M2, M3, SI, S2, and S3 curves fit the observed profiles 
very well, thus supporting the validity of the assumptions made.
Optimum Shape of a 90° Bend in a Rectangular Channel. C a r l  
E. D e n z l e r . M.S. Thesis, February 1960; Professor Howe, adviser. 
An effective method of reducing head loss in 90° bends in rectangular 
channels is to widen the inside of the bend by increasing the inside
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radius. For a particular bend having a center-line radius-to-widdi ra­
tio of 4.5, the bend having minimum head loss had a maximum-width- 
to-entrance-width ratio of 1.38. The experimental channel was 6 
inches wide and had a total length of 66 feet.
Se d im e n t a t i o n
An Investigation of the Effect of Bridge-Pier Shape on the Rela­
tive Depth of Scour. D o u g l a s  E. Sc h n e i b l e . M.S. Thesis, June 
1951; Professor Rouse, adviser. Results of tests made on various 
shapes of pier and on various scour arresters used as adjuncts to the 
pier are discussed as part of an experimental investigation on the 
bridge-scour problem conducted for the Iowa State Highway Com­
mission and the U.S. Bureau of Public Roads. Reductions obtained in 
relative depth of scour, referred to a basic pier, were as great as 25 
per cent for a pier with an elongated right section and 50 per cent for 
a scour arrester properly located on the basic pier. ( See Reprints 107 
and 120.)
Protection of Earth Embankments by Riprap of Uniform Size. 
J o s e  O. d e  A b e e u  L i m a  and W i l l i a m  B. M o b g a n . M.S. Thesis, Au­
gust 1951; Professors Posey and Metzler, advisers. The effects of 
shape, size, and thickness of riprap of a uniform size on the protection 
of a horizontal sand bed against horizontal flow were investigated, 
with a view toward extension to the protection of embankments. Two 
shapes of riprap, two sizes for each shape, and four thicknesses for 
each size were studied. Results indicate that the shape has no notice­
able effect, the size determining the protective quality for a given 
thickness. The results also indicate that riprap of uniform size would 
not be practicable, since only a small increase in the velocity requires 
a large increase in thickness of riprap to prevent failure.
The Effect of Sand-Trap Proportions on the Efficiency of Oper­
ation. A l y  B a l i g h . M.S. Thesis, August 1951; Professor Rouse, 
adviser. An experimental investigation of a two-dimensional model 
of a sand trap showed that the efficiency of two-dimensional traps 
is dependent upon the ratio of the length of the trap to the depth of 
the oncoming flow and the ratio of the fall velocity of the sediment 
particles to the velocity of the oncoming flow. Results were plotted 
as dimensionless curves, relating the trap efficiency to the length and 
velocity ratios, die length ratios investigated being )i, 1, and 4, and the 
velocity ratios ranging from 0.12 to 20. (See Special Publications.)
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A Study of the Transportation of Sand in Pipes. J o h n  P i n n a  
C b a v e n . Ph.D. Dissertation, August 1951; Professor Rouse, adviser. 
An experimental investigation was conducted to determine the param­
eters and functional relationships which describe the movement of 
sediment in pipes flowing full. A mathematical expression for the pie­
zometric gradient was derived from an examination of existing bed­
load equations. Introduction of the Darcy-Weisbach equation fur­
nished a functional relationship for the ratio of the volume of sedi­
ment in the pipe to the volume of the pipe. Analysis of the mechanics 
of movement provided additional relationships for the limiting values 
of the piezometric gradient and the obstructed-volume ratio. The ex­
perimental program was planned so that these relationships could be 
determined. The experimental results indicate that the transport phe­
nomenon can be divided into three regimes: that for which the piezo­
metric gradient is governed by the transport-discharge ratio; a tran­
sition region; and that for which the piezometric gradient is indepen­
dent of the transport-discharge ratio and dependent on the properties 
of flow, the roughness of the boundary, and the critical shear of the 
sand bed. (See Reprint 121.)
The Transportation of Uniform Sand in a Smooth Pipe. H a r r y  
H . A m b r o s e . Ph.D. Dissertation, June 1952; Professor Rouse, ad­
viser. The purpose of this study was to identify the parameters which 
govern the transport of sand in pipes and to determine their functional 
relationship. As an extension of the dissertation by Craven, tests were 
performed in a single plastic pipe of variable slope with three sizes 
of sediment ranging from fine to very coarse sand. The rates of sand 
and water discharge, slope, and geometry of the bed and flow were 
measured by specially designed equipment. Investigation was made 
of conditions for full-pipe flow and for free-surface discharge, both 
with and without an inert sand bed. The results were reduced to three 
generalized functions of practical use in designing drainage systems. 
( See Reprint 121.)
Tests of Graded Riprap for Protection of Erosible Material. H e n e y  
d e  S il v a  M a n a m p e b i . M .S . Thesis, June 1952; Professor Posey, ad­
viser. Investigations were made to determine (1) the velocities of 
overflow at which a sand bed would be disturbed when protected 
by various thicknesses of uniformly graded round gravel, the flow ap­
proaching the test section over both a smooth and a rough channel 
bottom, and (2) the protective qualities of crushed-stone layers sat­
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isfying the Terzaghi-Vicksburg criteria for effective filter blankets. 
Results indicate that the velocities of failure are higher with a rough 
bottom than with a smooth bottom and that a properly graded 
blanket material gives satisfactory protection to a sand bed subject 
to overflow or to a combination of overflow and upward flow through 
the blanket.
Efficiency of Short Sand Traps. R a s in  Z. E t i m a n . M.S. Thesis, 
February 1953; Professor McNown, adviser. The purpose of this 
study was to determine the effect of trap dimensions and of flow char­
acteristics on the efficiency of operation of short sand traps. Flow un­
der pressure was adopted to eliminate the effects of a free surface. 
Two- and three-dimensional traps with sand of a uniform size and 
sand of a nonuniform size were investigated. The approach condi­
tions were found to have a significant effect on the efficiency of the 
trap, and recommendations for improvement of the approach are 
made. The variables affecting the flow are expressed in the form of 
dimensionless parameters, and performance curves are presented 
for direct use. ( See Special Publications.)
Initial Bed-Load Movement Caused by a System of Periodic 
Standing Waves. J o h n  M. F. R o g e r s . M.S. Thesis, February 1953; 
Professor McNown, adviser. An introductory study of the initial 
movement of sand in flow free from turbulence was made using a sys­
tem of periodic standing waves established in a rectangular tank of 
water. Four different sand types were used as the bed load to deter­
mine the effects of particle spacing, grain size, and shape on the veloc­
ity required to initiate movement. The following conclusions, based 
on arbitrary definitions of both initial movement and characteristic 
flow velocity, were reached: (1) the velocity required to initiate 
movement in a given sand is between 60 and 74 per cent of the mean 
fall velocity; (2) particle shape is an important factor governing the 
movement of isolated grains; (3) there is a possibility that the particle 
characteristics of grain size, shape, and spacing can be considered to­
gether in a function to describe the velocity at which movement is 
initiated; and (4) an analysis of the forces causing the movement of 
a typical particle on a smooth surface shows that viscosity is the dom­
inant fluid property.
Transportation of Sand in a Pipe. H. R u p e r t  V a l l e n t i n e . M.S. 
Thesis, June 1953; Professor McNown, adviser. The objectives of this 
thesis—the third of a series of studies of bed-load transportation in
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a circular conduit—were to extend the previous investigations in or­
der to determine: (1) for free-surface flow in a smooth pipe, the ef­
fect upon the flow of the presence of bed loads of uniform sands at 
such low relative transport rates that deposition does not occur; and
(2) whether nonuniform sands yielded head-loss and blockage re­
lationships comparable with those previously found for uniform 
sands. Tests results indicate, at least within the range of the experi­
ments, that the presence of bed load in such small quantities that 
deposition does not take place will have negligible effects on the hy­
draulic design of a piping system, and that the phenomena associated 
with the bed-load transportation of nonuniform sands are similar to 
those previously observed with uniform sands. (See Reprint 121.)
An Instrument for Rapid Size-Frequency Analysis of Sediment.
D a v id  W. A p p e l . Ph.D. Dissertation, August 1953; Professor Mc- 
Nown, adviser. A rapid method for obtaining a size-frequency distri­
bution was developed by using a sensitive pressure transducer and 
an automatic recorder. Changes in concentration of a stratified sedi­
ment sample falling in suspension cause minute pressure differences 
which upon conversion, by means of a transducer, to an electric signal 
are amplified and transmitted to a pen recorder. By this method, size- 
frequency curves may be obtained automatically, thereby reducing 
the time necessary for tabulating the percentage finer for particular 
sediment sizes. When a traversing sensing element is used the time 
required for making an analysis is further reduced. The results of 
this method are compared to those obtained by the bottom-with- 
drawal method. ( See Beprint 122.)
Exploratory Study of the Measurement of the Suspended Sedi­
ment Characteristics by Sonic Means. C a y  G. W e i n e l , J e . M.S. 
Thesis, August 1953; Professor McNown, adviser. A study was made 
to determine whether characteristics of suspended sediment could 
be evaluated by the measurement of the attenuation of sound waves 
passing through the suspension, and the various existing theoretical 
analyses of the problem were collected and compared. In a laboratory 
experiment using glass beads, the effects on the sound attenuation of 
variation of the sound frequency and the concentration, size, and size 
distribution of the sediment were studied. Although this investigation 
showed that the individual characteristics of a sediment suspension 
can be evaluated qualitatively by a simultaneous solution of measure­
ments made at three sound frequencies, further refinements in the
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equipment will be required before quantitative measurements can be 
made.
The Total Sediment Load of Streams. E m m e t t  M . L a u r s e n . 
Ph.D. Dissertation, February 1958; Professor Rouse, adviser. Al­
though a rigorous analysis of the general problem of sediment 
transportation is not yet possible, by means of a descriptive analysis 
the various factors involved were isolated and the relationships 
among them qualitatively indicated. Parameters linking the hy­
draulic characteristics of the flow and the characteristics of the bed 
material were then formed through the use of appropriate approxi­
mations. The relationships between these parameters, however, 
could only be defined empirically. The experimental data which were 
used for this purpose included original experiments conducted at 
the Iowa Institute of Hydraulic Research and published data from 
other sources. Empirical curves were drawn for the total, suspended, 
and bed loads, and a computation procedure devised to consider the 
nonuniformity of the bed material. The correlation of laboratory 
data which was finally achieved was good considering the probable 
errors of the measurements. The proposed relationships were also 
used to predict the sediment-transporting characteristics of three 
natural streams with encouraging results. ( See Reprint 165.)
Riprap Protection against Scour around Bridge Piers. N e l s o n  
L u i z  d e  S o u s a  P i n t o . M.S. Thesis, August 1959; Professor Posey, 
adviser. Riprap protection against erosion around a 0.3-foot-diameter 
circular pier was studied. Horizontal circular layers of riprap having 
“filter” grading with respect to the sand bed were used as the protec­
tive device. Different diameters of layers and levels of emplacement 
were tested and a correlation was obtained between the necessary 
size of the protection and the dimensions of the unprotected scour 
hole. An exploratory study of possible modifications on the design of 
the protective layer was undertaken. Comment on model-prototype 
conformity for the rock size tested is also presented. ( See Sousa Pinto, 
N . L .,  Sybert, ]. H., and Posey, C. J., “Model Tests of Riprap Scour 
Protection,” Rocky Mountain Hydraulic Laboratory Publication No. 
23,1959.)
Scour at Relief Bridges. R o b e r t  C. St i e f e l . M .S . Thesis, August 
1959; Professor Brush, adviser. A laboratory study of the final or equi­
librium depth of scour expected at a bridge abutment for the case 
of clear-water scour was made. Qualitative results showing the effects
http://ir.uiowa.edu/uisie/40
of velocity, geometry, and particle size are presented. The results are 
compared to conditions where scour occurs while sediment is being 
supplied to the scour hole and a measure of the increased depth of 
scorn- due to clear-water conditions is made. No field verification is 
included.
St r a t if ie d  F l o w
Simultaneous Flows of Air and Water in a Closed Flume. T e m e l
H. O r g a . Ph.D. Dissertation, June 1953; Professor McNown, adviser. 
Various theoretical studies of the formation and propagation of waves 
by wind were reviewed, and laboratory tests were made to verify, if 
possible, the theories. The variables that affect the characteristics of 
waves generated by wind action on both still and flowing water were 
studied, and an evaluation was made of the mutual interaction of 
surface waves and surface drag, and of the dependence of these on 
parameters or characteristics of the flow and the fluids. The effects of 
an oil film on waves and the stability of gravel breakwaters under the 
action of both gravity and wind-generated waves were also investi­
gated.
Internal Hydraulic Jump in a Two-Layer Fluid System. C h i t t a  R. 
G u h a . M.S. Thesis, February 1954; Professor Yih, adviser. The pur­
pose of this investigation was to determine experimentally the phys­
ical characteristics of flow of a two-layer fluid system with one layer 
moving and the other at rest. Whereas an analysis based on the 
continuity and momentum relationships—neglecting the effect of 
shear—indicates that the ratio of downstream and upstream depths 
of the moving layer depends upon a modified Froude number alone, 
the results from systematic tests showed that this ratio depends on 
not only a Froude number, but also on the density ratio explicidy. De­
viation of the experimental depth ratio from its theoretical value was 
found to increase with increasing density ratio for the same modified 
Froude number within the experimental range. This deviation was 
shown to be due mainly to interfacial shear. (See Reprint 137.)
An Investigation of Recirculation in Stratified Flows. G e z a  L. 
B a t a . M.S. Thesis, August 1956; Professor Yih, adviser. The momen­
tum balance of stratified flows, including the effect of interfacial 
shear, is analyzed theoretically and the results are compared with 
two-dimensional experiments. To simulate the flow near a thermo­
electric plant, a portion of the water flowing in a concrete flume of
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rectangular cross section was removed at the bottom by means of a 
slot. The same amount of water, after being heated with steam, was 
returned to the canal farther downstream. The resulting characteris­
tics of flow, including the amount of recirculation, were measured 
and shown to agree satisfactorily with predicted values. (See Re­
print 153.)
Flow toward a Pipe in a Stratified Fluid. C h a r l e s  O. M e y e r . 
M.S. Thesis, February 1958; Professor Rouse, adviser. This is an ex­
perimental investigation of the relationships of the variables pertain­
ing to flow toward a pipe in a two-layered stratified fluid (fresh and 
salt water). The ratio of the lower-stratum flow to the total flow is 
shown to depend upon five parameters: the Froude number, and four 
ratios of outlet dimensions. Pipe sizes tested ranged from % inch to 
1/2 inches in diameter. The results are extrapolated to obtain a solu­
tion for a point sink in a stratified fluid. An existing method is used to 
obtain a theoretical solution for the point sink; the solution is in 
agreement with the experimental result.
Irrotational Motion of Two Fluid Strata towards a Line Sink.
D a v id  G r a n t  H u b e r . Ph.D. Dissertation, August 1958; Professor 
Rouse, adviser. The irrotational motion of two fluid strata of equal 
depth towards a line sink located in the lower corner of a rectangu­
lar configuration extending to infinity in the upstream direction is 
shown to be governed by a unique relationship between the Froude 
numbers for the two strata. These Froude numbers are calculated at 
infinity and include in the denominator the ratio of the difference in 
densities to the density in the appropriate stratum. A numerical value 
for the critical Froude number in the lower stratum at which the up­
per fluid either begins or ceases to flow is obtained and it is shown 
that the Froude numbers approach each other in value as the rates 
of flow become large and inertial effects predominate. The angle of 
the interface at the sink and the streamline pattern are shown to be 
dependent on the value of the Froude number in the upper stratum. 
The points which were plotted to give the pertinent relationships were 
obtained by a relaxation process.
S u r f a c e  a n d  F o r m  R e s is t a n c e
Effect of a Cylindrical Boundary on the Drag of Spheres. J o h n  
T e r h u n e  N e w l i n . M.S. Thesis, August 1950; Professor McNown, 
adviser. In an experimental investigation conducted with air flowing
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past spheres fixed on the axes of cylindrical tubes, the coefficient of 
drag for the spheres was determined from measurements of the dis­
tribution of pressure around the spheres. Sphere-to-cylinder diameter 
ratios from zero to 0.9 were investigated for Reynolds numbers 
between 104 and 105. An approximate theoretical expression gave re­
sults which coincided with those observed for values of the diameter 
ratio greater than 0.75. These results extended those obtained in pre­
vious experiments using falling spheres. (See Reprints 81 and 113.)
Drag Coefficients of Multiple Plates as a Function of Solidity 
Ratio. T i e n -T o  Siao. M.S. Thesis, August 1950; Professor Rouse, 
adviser. Tests of composite plates of three series—squares, rings, 
and screens—were conducted in the low-speed air tunnel of the In­
stitute. Drag forces were measured directly by means of an external 
beam balance. While each of the composite plates was symmetrical, 
for each series they were varied by changing the solidity ratio S and 
the number n of the constituent parts. A third geometric parameter 
b /s  (theratio of the width to the center-to-center spacing of the con­
stituent parts), which is dependent on S and n, was also used. The 
test results of each series were plotted in curves giving at once the re­
lation of the drag coefficient and the three geometric parameters. It 
was found, moreover, that some surfaces of constant solid area pro­
duced a greater drag when subdivided than when intact. (See dis­
cussion by Siao in Reprint 94, and Reprint 134.)
An Experimental Investigation of the Boundary-Layer Develop­
ment along a Rough Surface. W a l t e r  L. M o o r e . Ph.D. Disserta­
tion, August 1951; Professor Rouse, adviser. As a continuation of the 
initial boundary-layer study by Baines (see Special Publications), 
experiments were performed in the air tunnel on a flat surface rough­
ened with transverse bars under conditions of zero pressure gradient. 
The same geometric form was produced at three different scales, 
covering a 12-fold variation in absolute size. Velocity profiles were 
taken and compared with those obtained by other investigators. The 
values of the surface-resistance coefficient determined from measure­
ment were compared with those predicted analytically. The velocity 
distribution for the boundary layer along the three surfaces was found 
to differ significantly from that for a conduit, though expressible in 
terms of similar parameters. The surface-resistance coefficient was in 
poor agreement with that predicted by the von Karman relation, but 
approximated that predicted by the Schlichting equation; however, a
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significant deviation, depending on the absolute size of the roughness, 
was apparent. ( See Reprint 124.)
Drag Tests on Cylinders Arranged in a Straight Grid. C l a r k  G. 
D e H a v e n . M.S. Thesis, June 1953; Professor McNown, adviser. An 
experimental and analytical study was made of the pressure distri­
bution about evenly spaced cylinders in two-dimensional flow. The 
experiments were confined to Reynolds numbers above the upper 
critical zone, and an eightfold variation in spacing ratios was cov­
ered. Dimensionless curves of the drag coefficients—obtained by 
graphical integration of measured pressure distributions—are pre­
sented.
Flow Past a Normal Plate in Contact with a Boundary. M ik ig  
A r i e . M.S. Thesis, August 1955; Professor Rouse, adviser. Measure­
ments of the velocity, pressure, and turbulence behind a series of 
normal plates in the uniform test section of an air tunnel are de­
scribed, the oscillation of the wake being prevented in all but one test 
through use of symmetrically located tail plates. By a combination of 
experimental and computational techniques, details of the pattern of 
flow over a wall on a plane boundary in an infinite fluid are closely ap­
proximated. A  significant difference is indicated between the mean 
characteristics of such a flow and those of the flow past an isolated 
plate with oscillating wake. ( See Reprint 147.)
The Effect of Free-Surface Instability on Channel Resistance.
H e r m a n  J. K o l o s e u s . Ph.D. Dissertation, August 1958; Professor 
Rouse, adviser. Most previous investigations of open-channel resist­
ance were based on experiments with either subcritical flow or flow 
for which the Froude number was equal to or slightly greater than 
one; they show the relationships between the pertinent parameters to 
be similar to those for pipes as found by Nikuradse. To investigate the 
possibility that pipe and channel flow may also be dissimilar under 
certain circumstances because of the imminent instability due to the 
presence of the free surface in open channels is the purpose of the 
present study of supercritical flow in a rough flume. Following the 
procedure of Jeffreys, a stability criterion for turbulent gradually var­
ied unsteady open-channel flow was formulated. For all practical pur­
poses the flow could be regarded as stable when the Froude number 
was less than 1.6 and unstable when it was greater. A tiltable flume, 
2 feet wide and 30 feet long, was used for the experimental work; 
brass cubes, 3/16 inch on a side, were employed as the roughness
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elements. The depth was measured by means of a specially designed 
vibrating-needle point gage. The experimental data indicated that the 
resistance coefficient was independent of the Froude number when 
the flow was stable, depending only upon the relative roughness and 
the roughness concentration. The form of the law of resistance was 
identical with that found by Nikuradse for rough pipes and agreed 
with the expression advocated by Keulegan for two-dimensional open- 
channel flow. When the flow was unstable, the resistance coefficient 
was a function of not only the channel and roughness geometry but 
also the Froude number; specifically, it varied as the ratio of the rela­
tive roughness to the Froude number.
Roll Damping due to Bilge Keels. M i l t o n  M a r t i n . Ph.D. Disser­
tation, June 1959; Professor Landweber, adviser. The high degree of 
effectiveness of bilge keels in damping the roll of ships at zero and 
low speeds is shown to be due to the exceptionally high values of 
drag coefficients resulting from the oscillatory motion. Measurements 
of the mean drag coefficient of oscillating flat plates of infinite length- 
width ratio show that this coefficient varies considerably with the di- 
mensionless oscillation amplitude X„/b, where X 0 is the amplitude of 
oscillation and b is the half width of the plate, from 13 at X0/ b = 0.2 to 
3.4 at X0/ b = 9 and presumably must approach the steady value of
1.9 at very large values of X0/h. The high drag coefficients at small 
values of oscillation amplitude are attributed to that part of the low 
pressures associated with the initial growth of vortices at the plate 
edges in phase with the plate velocity. Photographs showing the vor­
tices becoming detached and moving laterally away from the edges 
of the oscillating plate presumably depict the manner in which the 
damping energy is transmitted from the plate to the fluid. In order to 
explain the effectiveness of bilge keels on roll damping underway, the 
bilge keel is treated as a wing of very low aspect ratio. An expres­
sion, derived for the nonlinear part of the lift curve for wings of very 
low aspect ratio, is shown to agree well with existing data. Applica­
tion of this expression to the prediction of roll damping underway 
due to bilge keels yields extinction curves somewhat lower than 
measurements. The results of computations of the relative contribu­
tions to roll damping from frictional resistance, eddy making, and 
wave making for twenty ship models are also presented.
Experimental Investigation of Ursell’s Theory of Wave Making 
by a Rolling Ship. W. C u r t is  M c L e o d . M.S. Thesis, June 1959; Pro­
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fessor Landweber, adviser. Measurements were made of the surface 
waves produced by two different cross sections of ship hulls and com­
parisons made to the analytical predictions of Ursell. The experi­
mental equipment consisted of two 9-foot-long constant-cross-section 
models which were rolled about a fixed axis in the waterplane by 
means of a mechanical oscillator. The oscillator permitted constancy 
of the roll angle during the time of wave measurements at any de­
sired angle between 0 and 17 degrees. Roll angles and model periods 
were obtained by using a gyro-transmitter; wave measurements were 
taken by means of a vibrating needle. The most significant conclusion 
was that by varying the hull cross section the ratio of wave energy to 
total model energy lost per cycle could be appreciably changed. The 
energy-ratio variation with roll angle is given for both models studied.
T u r b u l e n c e
(T he following thesis was inadvertently omitted from Bulletin 33,
Third Decade of Hydraulics at the State University of Iowa, 1949.)
Diffusion Characteristics of Turbulence in an Open Channel.
J a m e s  M. R o b e r t s o n . M.S. Thesis, January 1940; Professor Ka- 
linske, adviser. Measurements were made of the diffusive power of 
turbulence by direct experimental means, using motion-picture pho­
tography of particles suspended in the flow. The diffusion coeffi­
cient was found to vary from zero at the channel bottom, through a 
maximum at about half depth, returning to zero at the surface. 
The variation through the vertical of the root-mean-square values of 
two of the three fluctuating velocity components was determined, as 
was the variation in the length scale of the turbulence. Some studies 
also were made of the transverse horizontal diffusion near the surface 
of the water. ( See Reprint 26.)
Characteristics of Mean Flow and Turbulence at an Abrupt Two- 
Dimensional Expansion. H s i e h - C h in g  H s u .  Ph.D. Dissertation, Feb­
ruary 1950; Professor Rouse, adviser. This study was undertaken for 
the purpose of tracing the energy changes at an abrupt two-dimen- 
sional flow expansion. The experiments were made just beyond the 
bell inlet of a rectangular air tunnel. Pressure intensities were meas­
ured by means of wall piezometers, the longitudinal component of the 
mean velocity with a Pitot tube, and the components of turbulence 
with a hot-wire anemometer. The energy equation for the mean and 
the secondary motion was integrated to indicate the change of the
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various terms in the longitudinal direction. It was found that the vis­
cous dissipation of the mean motion and the energy transferred to 
turbulence are small, in comparison with the total loss, except near 
the boundaries and in the initial section of the expansion. The rate 
at which energy is supplied by the mean motion is high near the 
initial section, drops rather rapidly, rises a little near the section 
where the stable eddy ends, and approaches a constant value there­
after. The dissipation rate, following a different trend, is small at the 
beginning, reaches a maximum near the mid-length of the eddy, and 
gradually drops toward a constant limit.
Gravitational Convection from Line Sources. H a r o l d  W .  H u m ­
p h r e y s . M.S. Thesis, February 1950; Professor Rouse, adviser. The 
distributions of mean velocity and temperature were measured in the 
zone of turbulent convection above single and parallel line sources of 
heat located on a horizontal boundary. All data were reduced to a 
dimensionless form satisfying the basic momentum equation and 
the hypothesis of similarity. The results obtained are directly appli­
cable to the problem of fog dispersal over airfields and may also be of 
value in such widely varied fields as meteorology, chemical engineer­
ing, and oceanography. ( See Reprint 110.)
An Exploratory Investigation of Boundary-Layer Development 
on Smooth and Rough Surfaces. W i l l i a m  D o u g l a s  B a in e s . Ph.D. 
Dissertation, August 1950; Professor Rouse, adviser. The object of 
this study was to conduct and evaluate the results of preliminary 
tests on turbulent flow along smooth and rough boundaries, for use 
in planning long-range investigations of this subject in connection 
with resistance of ship hulls. The measurements involved the deter­
mination of velocity and turbulence distribution in the boundary 
layer along a plane surface suspended in an air tunnel. The most 
important characteristic of the flow, the drag of the surface, was 
computed from the velocity measurements through use of the momen­
tum equation. One size of granular roughness was used in the rough- 
surface experiments and the relative roughness was varied by chang­
ing the velocity of the flow and the effective length of the surface. 
(See Special Publications.)
The Development of the Turbulent Boundary Layer on Steep 
Slopes. W i l l i a m  J o h n  B a u e r . Ph.D. Dissertation, August 1951; 
Professor Rouse, adviser. Development of the boundary layer on 
steep slopes controls not only the loss of head but also the onset of air
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entrainment; the ability to predict its rate of growth is therefore es­
sential to proper spillway design. This dissertation describes a labo­
ratory investigation of the variation in velocity distribution on smooth 
and rough channel beds for a series of slopes and rates of discharge. 
The boundary-layer thickness, the coefficient of local resistance, and 
the parametric shape of the velocity profile are analyzed as func­
tions of the Reynolds number and the relative roughness. These 
functions are shown to be in accordance with general boundary- 
layer theory, and essentially independent of both slope and dis­
charge. A practical method is then proposed for computing the limit 
of boundary-layer development on concrete spillways. (See Trans. 
A.S.C.E., Vol. 119, 1954.)
Characteristics of Turbulence in an Air-Flow Model of the Hy­
draulic Jump. T ie n -T o Sia o . Ph.D. Dissertation, June 1954; Pro­
fessor Rouse, adviser. Because of the difficulties of measuring the 
characteristics of turbulence in the water of an actual hydraulic 
jump, an air duct with an adjustable boundary was constructed to 
simulate a hydraulic jump in a rectangular channel, and the perti­
nent measurements were made with air as the fluid medium. Through 
use of a symmetrical two-legged stagnation tube, the mean values of 
the fluctuating velocities were measured in both the actual hydraulic 
jump and its air-flow model for a Froude number of 4. The mean-flow 
patterns of the actual and the simulated jump at this Froude number 
were nearly identical, thus indicating that the details of the phenome­
non could be studied with good approximation in an air duct. Meas­
urements of pertinent turbulence characteristics were then carried 
out in the air duct with the hot-wire anemometer. Finally, the mo­
mentum balance, the mean-energy balance, and the turbulent-energy 
balance over the entire length of the model jump were evaluated. 
( See Reprint 157.)
Diffusion of Turbulence from Piers and Abutments of Spillways.
Luis F e r n a n d e z -R e n a u . M.S. Thesis, August 1954; Professor Rouse, 
adviser. The object of this investigation was to determine the man­
ner in which turbulence diffuses from piers and abutments of spill­
ways in order to locate zones of possible air entrainment. The tur­
bulent boundary layer developing from spray walls and turbulent 
wakes behind spillway piers and rods projecting from the channel 
bottom were delineated by following the oscillations of the mercury 
in an open manometer connected to a stagnation tube. Additional
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qualitative information concerning the afore-mentioned zones of 
turbulent flow is presented.
The Mechanism of Energy Dissipation in the Hydraulic Jump.
S. N a g a r a t n a m . M.S. Thesis, June 1957; Professor Rouse, adviser. 
As a supplement to Siao’s dissertation, the diffusion of turbulence and 
die energy dissipation due to turbulence were investigated in an air- 
duct model of the hydraulic jump for Froude numbers of 2 and 6. It 
was found as before that the production of turbulent energy is con­
centrated along the interface between the expanding jet and the 
roller; and the major portion of the production and dissipation of the 
turbulent energy occurs before the end of the roller. Trends of the 
various characteristics with Froude number are presented. ( See Re­
print 157.)
Decay of Turbulent Wakes behind a Propeller. G e r t  A r o n . M.S. 
Thesis, February 1960; Professor Hubbard, adviser. The rates of 
decay of mean and turbulent velocities, dissipation of mean-flow 
energy, and radial expansion of the wake with respect to downstream 
distances from the propeller were investigated in a towing tank. Di- 
mensionless parameters were used in the graphical presentation of 
experimental data and results.
U n c l a s s if ie d
Evaluation of Unconfined Flow to Multiple Wells by the Mem­
brane Analogy. V a u g h n  E. H a n s e n . Ph.D. Dissertation, June 1949; 
Professor Rouse, adviser. Tests were conducted on single and mul­
tiple wells, using unconfined sand models, to obtain information on 
the shape of the free surface of the water table near the well. After the 
free surface was corrected for the effects of capillary rise by use of 
flow-net principles, it was found that the surface could be approxi­
mated by a linear logarithmic function similar to that for confined 
flow. From these data dimensionless plots of boundary conditions in 
the vicinity of the well were made. With the boundary conditions at 
the well thus defined and the free surface near the well following a 
straight-line logarithmic function, a study was made of a thin rubber 
membrane to ascertain its feasibility as a model to solve complicated 
problems of multiple-well flow. When allowance was made for the 
limitations imposed by gravity and surface tension, the membrane 
gave the piezometric surface for confined flow and the free surface 
for unconfined flow from the zone of departure from the Dupuit
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curve to the well. Ease of construction, the variety of problems 
which may be solved, and the visual demonstration of the piezometric 
surface—all make this method of considerable practical value. (See 
Trans. A.S.C.E., Vol. 118,1953.)
Experimental Investigation of the Discharge Coefficient for a 
Rectangular Side Weir. R u s s e l l  J o r d a n  K e n n e d y . M.S. Thesis, 
August 1949; Professor McNown, adviser. Variation of the discharge 
coefficient of a side weir was investigated for various channel and 
weir geometries and for Froude numbers between 0.1 and 0.7. A flume 
of rectangular cross section and a level side weir set into one wall 
were used throughout the laboratory investigation. The geometries 
selected for testing corresponded more closely to those found in 
water-supply and sewage systems than to those sometimes used for 
spillway sections in large dams. The tests were restricted to sharp- 
edged weirs. A significant variation in discharge coefficient was ob­
served for the range of Froude numbers between 0.3 and 0.7, and for 
still higher values an unstable and partial hydraulic jump was ob­
served in the immediate vicinity of the weir. Data were reduced to di- 
mensionless parameters, the coefficient of discharge being presented 
in both tabular and graphical form as a function of the Froude num­
ber and ratios of length dimensions.
Entrainment of Air by Liquid Jets. R o b e r t  W. Sh i r l e y . M.S. 
Thesis, August 1950; Professor Rouse, adviser. The object of this 
experimental investigation was to determine the characteristics of 
air entrainment by a water jet plunging through the free surface of 
water in a tank. Data were collected for jets entering at angles vary­
ing from 45° to 67° and extrapolated to represent conditions of ver­
tical entry. The rate of entrainment was evaluated as a function of the 
Froude number; further experiments with other liquids will be 
necessary to determine the extent of capillary and viscous influences.
Experimental Investigation of the Discharge Coefficient for a 
Rectangular Side Weir. C a r l o s  A c o s t a -S i e r r a . M.S. Thesis, Feb­
ruary 1951; Professor McNown, adviser. The variation of the dis­
charge coefficient for a rectangular side weir was determined for two 
limiting conditions not covered in previous investigations: ( a ) zero 
sill height above the floor of the channel, and (b ) channels effectively 
very wide. The discharge coefficient was evaluated as a function of 
the Froude number and of the geometrical characteristics of the 
channel and of the weir.
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A History of Hydraulics to the End of the Eighteenth Century.
S i m o n  S. I n c e . Ph.D. Dissertation, August 1952; Professor Rouse, 
adviser. An attempt was made to trace the growth of some funda­
mental ideas and the formulation of the elementary principles upon 
which present-day hydraulics is based. Although it was sometimes 
necessary to consider engineering works in order to gain an insight 
into the knowledge existing at any given period and at other times 
to consider the influence of new modes of thought on mechanics, 
and consequently on hydraulics, the primary emphasis was laid upon 
the development of hydraulic knowledge itself. ( See Special Publi­
cations. )
A e r a t i o n  D e m a n d  o f  a  S h a r p  C r e s t e d  W e i r .  Go C h e a n  Sh i e h  and 
A r t u r o  O b a d ia . M.S. Thesis, June 1954; Professor Howe, adviser. 
A  study was made of the rate of flow of air required to maintain 
atmospheric pressure under the nappe of a vertical sharp-crested 
weir. The air demand was determined as a function of the weir height, 
the head on the weir, and the size of the air pocket beneath the nappe. 
(See Civil Eng., Vol. 25, 1955.)
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Decay of Turbulent Wakes Behind a Propeller. G ert A r o n . M.S. 
Thesis, February I960; Professor Hubbard, adviser. Measurements 
were made of the axial components of mean velocity and turbu­
lence intensity in the slipstream behind a propeller towed in an 
open channel. The experiments showed, in agreement with the 
theory, that the maximum mean velocity and turbulence intensity 
as well as the energy flux across a normal section of the slipstream 
varied inversely as the two-thirds power of the distance x behind 
the propeller. The radius of the wake seemed to vary rather with 
the one-half than with the one-third power of x predicted in the 
theoretical analysis. In order to obtain more reliable data, velocity 
and turbulence profiles should be measured farther downstream.
Establishment of the Wake Behind a Disk. T h o m a s  C ar m o d y . 
Ph.D. Dissertation, June 1963; Professor Rouse, adviser. An air- 
tunnel study of the establishment of the wake behind a disk at a 
Reynolds number of approximately 7 x 104 was undertaken. On 
the basis of the measured data, such a wake is fully established, 
that is, similarity profiles of the flow characteristics are formed, 
within 15 diameters of the disk, and approximately 95 per cent of 
the transfer of energy from the mean motion to the turbulence 
motion takes place within 3 diameters of the disk, in the region 
of the mean standing eddy. The measured mean ambient-pressure 
and mean total-pressure distributions, and the mean streamline 
pattern are presented in graphical form, as are the quantitative 
balances of the integrated momentum and mean-energy relation­
ships. A stream function consisting of a continuous distribution of 
doublets is introduced to extend the radial limit of understanding 
of the flow characteristics to a very large if not infinite radius. 
Considerable attention is given to the problem of obtaining and 
interpreting turbulence-shear-stress data immediately downstream 
from the point of flow separation. The applicability of a local dif­
fusion coefficient or virtual viscosity of the Boussinesq or Prandtl
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type for relating the turbulence shear stress to the radial gradient 
of mean axial velocity is discussed. The Bernoulli sum and the en­
ergy changes along individual streamlines investigated in an as­
sociated study are incorporated herein to obtain a quantitative esti­
mate of the local errors involved in the turbulence-shear-stress 
measurements.
Preliminary Studies of the Wake of a Body With Zero Difference 
of Momentum Flux. H oracio A lberto C aruso . M.S. Thesis, Febru­
ary 1963; Professor Rouse, adviser. The wake of a disk in a uniform 
air stream with a jet emerging from its center was explored by 
stagnation-tube traverses for the condition of a zero change of mo­
mentum flux. The mean-velocity profiles were found to assume a 
self-preserving form within a relative short distance from the disk. 
Based on the assumption of a straight-line velocity distribution, 
the interrelationship between various mean-flow characteristics in­
cluding a volume-flux parameter was investigated by an algebraic 
procedure.
Spillway Discharge at  Other Than Design Head. | o h n  J. C assidy . 
Ph.D. Dissertation, June 1964; Professor Rouse, adviser. A method 
was developed for the numerical solution of steady, irrotational, 
free-surface flow over a known continuous lower boundary in a 
gravity field. In particular, the method involves the solution of 
finite-difference approximations—in the complex-potential plane— 
of the Laplace equation in terms of the inclination of the velocity 
vector. All geometric variables were specified in the physical plane, 
but, for subcritical approaching flow, the total head was unknown 
at the outset. However, it was possible, by comparison of succes­
sive iterations for the coordinates of the free-surface profile, to 
formulate an algorithm for correction of an assumed total head. 
Free-surface profiles, pressure distributions, and discharge coef­
ficients were obtained for flow over three spillway shapes at five 
ratios of head to design head. The results compared favorably with 
experimental measurements. Boundary-layer characteristics were 
obtained experimentally for flow over a spillway model of standard 
shape. As a result it can be concluded that separation will not oc­
cur on a standard spillway unless heads greater than three times 
the designed are allowed; if the spillway is large, cavitation may 
occur at a much lower head than that for which separation occurs. 
Spillways which will not cavitate through the entire range of ex­
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pected heads can be designed from the pressure-characteristic 
curves resulting from this study.
Aspirative Efficiency of Chimney Shapes. M a h esh  C. C h a t u r - 
vedi. M.S. Thesis, August I960; Professor Posey, adviser. The fac­
tors controlling the flow of air through a perforated pipe under 
flow of wind past it were analyzed. Experimental study of three 
chimney shapes and the effect of variation of size and number of 
holes was carried out. It was found that an aspirative velocity 
equal to 0.35 external velocity was obtained for a cylindrical chim­
ney and it could be increased linearly by increasing the number of 
holes.
Flow Characteristics a t  Abrupt Axisymmetric Expansions. M a ­
h esh  C. C h atu rv edi. Ph.D. Dissertation, August 1962; Professor 
Rouse, adviser. The flow at abrupt axisymmetric expansions repre­
sents a typical case of separation at an abrupt change of boundary 
and was studied in detail for four half angles of expansion—15°, 30°, 
45°, and 90°—to determine the characteristics and the dynamics of 
flow. The characteristics of the mean flow and the secondary flow 
such as the distribution of the mean velocity and pressure, the 
axial, radial, and tangential turbulence intensities, and the turbulent 
shear, were evaluated. The basic hydrodynamic equations of im- 
pulse-momentum and work-energy for both mean and turbulent 
motion were formulated for the conditions of the study. These 
were evaluated section by section, to provide a check on the meas­
urements and to determine the pattern of separation, the develop­
ment of the force field, and the dynamics of energy transfer from 
the mean motion through the turbulence toward its final form of 
heat. The experimental setup consisted of the abrupt expansion 
preceded by a bellmouth entry and followed by a uniform duct. 
The expansion was 4)i inches and 8/2 inches in diameter at the inlet 
and the outlet end, respectively, so that the expansion ratio was 1 :2 . 
The fluid used was air and the Reynolds number at the inlet was 
about 2 x 10*. Additional independent measurements of head loss 
were also made on a water-pipe assembly.
Turbulence Studies in the Wake Behind a  Powered Surface Ves­
sel. C harn g -n in g  C h e n . M.S. Thesis, February 1964; Professor 
Hubbard, adviser. Turbulence characteristics in the wake behind 
a powered surface vessel, under the condition of zero rate of change
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of momentum, were studied by the aid of the IIH R constant- 
temperature hot-wire anemometer. The distributions of mean veloc­
ity and turbulence intensity were found to be unsymmetric. The 
maximum value of the longitudinal component of the turbulence 
intensity varies inversely as the distance to the 4/5 power. Depth 
of slipstream and turbulence dissipation were also investigated.
The Application of the Bernoulli Theorem in Zones of Separation.
R e n e  C h evr ay . M.S. Thesis, February 1964; Professor Rouse, ad­
viser. A general discussion of the conversion of energy in flow with 
separation is presented through use of the Rernoulli equation for 
turbulent flow. The pertinent terms of the Rernoulli theorem are 
evaluated line by line for flow past a normal wall, for flow in 
pipes with 90° and 15° expansions, and for flow around a circular 
disk. The results, presented in graphical form for different sections 
along a streamline, show the role played by the eddy in a region 
of separation; production of turbulence in the transition zone; 
transfer of energy from one streamline to another; and, finally, 
loss of energy in the region of the eddy. More than elucidating the 
role of the eddy and checking on overall analysis, this thesis offers 
a method of predicting the values of the turbulent shear stresses.
Effect of Radius of Curvature Upon Loss in Trapezoidal Equiradial 
90° Open Channel Bend at Constant Slope. Sie L ing  C h ia n g . M.S. 
Thesis, January 1965; Professor Howe, adviser. The investigation 
of the effect of radius of curvature upon the loss in trapezoidal 
equiradial 90° open-channel bends leads to the conclusion that the 
larger the radius, the smaller the loss of head. Considering the 
curved channel only, the total head loss through the bend (Hi)  
and the loss of head due to the bend itself ( h ,,) are compared. The 
loss coefficients are also evaluated.
Erosion Tests of a Protected Embankment Section. K i-Sh u n  C h u . 
M.S. Thesis, June 1961; Professor Posey, adviser. A model fill made 
of fine sand was protected from scour by rock sausages placed 
over filter layers. The maximum head over the crest of the model 
reached as high as 14.4 times the mean diameter of the rock sau­
sages. Types of failure observed were the lifting of upstream ends 
of the sausages and the creeping of the sausages when pulled by 
the rapid flow downstream. On the other hand, failure was rapid 
and occurred at a head of 2.4 times the mean particle diameter of
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the top layer when rock sausages were omitted and only filter 
layers used. W ith sausages alone and no filter layers, failure was 
slow but started as soon as the water reached the crest level.
Optimum Shape of a  90° Bend in a Rectangular Channel. C arl 
E rnest  D e n zl er . M.S. Thesis, February 1960; Professor Howe, ad­
viser. An effective method of reducing head loss in 90° bends in 
rectangular channels is to widen the inside of the bend by increas­
ing the inside radius. The shape for minimum head loss in a par­
ticular bend having a centerline radius-to-width ratio of 4.5, as 
well as a general discussion of the optimum shape of bends with 
other radius-to-width ratios, is presented herein. The experimental 
results are based on 52 tests conducted in the laboratory annex of 
the Iowa Institute of Hydraulic Research. A rectangular wooden 
channel, 5/2 inches wide and 5 inches deep, was used. A 90° bend 
having a radius of 4M channel widths was placed between a 30- 
foot-long upstream leg and a 36-foot-long downstream leg. Seven 
bends of varying widths were used, each with three different quan­
tities of flow. The results were analyzed to obtain the bend shape 
that had minimum head loss. Velocity distributions were obtained 
for the important bend shapes as an aid to analyzing the head loss 
in bends.
Effect of Change in Standard  Deviation of Particf.e-Size Distribu­
tion on the Depth of Scouring. L eonidas E. D ia m a n d is . M.S. Thesis, 
August 1960; Professor Brush, adviser. A continuation of previous 
studies performed by H. Rouse and E. M. Laursen with uniform 
sand. The effect of change in the standard deviation of particle- 
size distribution (in the range of cr — 0.25 to a =  0.70) on the rate 
of scouring, similarity of profiles, and limiting velocity was stud­
ied. Nonuniformity limits scour but has no effect upon profiles.
Distribution of Head at a Rectangular Conduit Outlet. Sa t ya  
Prakash  G arg. Ph.D. Dissertation, June 1965; Professor Rouse, ad­
viser. The analytical solution of the problem involved the determin­
ation of the geometry of the free streamlines of the jet. A new 
method for solution of such problems has been developed in this 
paper. By the use of this method an improved approximation to 
the free-streamline geometry is obtained, proceeding from an as­
sumed configuration, and better accuracy is achieved with each 
subsequent iteration. Solutions for flow through a two-dimensional
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conduit at Froude numbers of 1, 2, 3, and 4 have been obtained 
by employing this method and programming it on an IBM 7070 
computer. A relation between the location of the piezometric- 
head line at the outlet of the conduit and the Froude number has 
thus been determined. The effects of the geometry and the rough­
ness of the conduit on the flow were evaluated by means of a 
series of experiments in which conduits of various width-depth 
ratios and with coatings of different sand sizes were used. The re­
lation obtained from the relaxation solution has been extended to 
incorporate the effects of the resistance of the boundaries and the 
geometry of the conduit on the location of the piezometric-head 
line.
An Experimental Study of the Turbulence in the Wake of a Body 
of Revolution. P. J. L. G ea r . M.S. Thesis, January 1965; Professor 
Hubbard, adviser. The early results of a continuing study of the 
wake of a 6 -to-l ellipsoid are presented. Measurements were made 
at a Reynolds number based on model length of 4 x 106, and close 
to the stern, of the mean flow characteristics and of the three com­
ponents of turbulence intensity. A value of 0.074 for the total drag 
coefficient of the body was obtained through application of the 
momentum equation.
Effect of Gate Slots Upon the Hydrodynamic Forces Acting on 
High-Head Gates. N orbert M. G ill issen . M.S. Thesis, January 
1965; Professor Naudascher, adviser. This investigation is a con­
tinuation of the studies done by Kobus and Rao. The downpull was 
obtained by graphical integration of the pressure distribution on 
the gate bottom. Oil-flow pictures of the flow pattern over the 
gate lip are presented for various gate openings and configurations 
of the slot.
Transistorized Hot-Wire Anemometer and  Linearizing Circuit.
Jo h n  R. G lover . M.S. Thesis, August 1961; Professor Hubbard, 
adviser. Transistorized control circuits were employed to keep the 
temperature of a wire for use in air essentially constant, thus elim­
inating the need for consideration of the thermal lag of the wire. 
Also, by using constant-temperature operation of the wire the fre­
quency response of the instrument was greatly increased. The non­
linear signal voltage developed by the wire was linearized by a
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new method that increased the dynamic range of the instrument, 
which also increased its accuracy and reliability.
Techniques for Detecting and  Analyzing Unsteady-Flow Variables.
Jo h n  R ichard G lover . Ph.D. Dissertation, June 1965; Professor 
Hubbard, adviser. The first three parts of this dissertation deal 
with the design and improvement of electronic instruments that 
are used for the detection and analysis of unsteady-flow variables. 
The last part is an analysis of the error, introduced by the averag­
ing of the signal before squaring, in the measurement of power 
spectral density of unsteady-flow variables when the filter used in 
selecting the frequencies has a very narrow bandpass. The first of 
two instruments that have had their performance improved is the 
constant-temperature hot-wire anemometer. An increased signal- 
to-noise ratio has been achieved by reducing the regenerative or 
positive feedback in the control amplifier. Also, a linearizing cir­
cuit has been developed which is completely transistorized (no 
function generator) and temperature stable. The second instru­
ment which has been improved is the one that measures the inter- 
mittency factor of a completely random signal, such as generated 
by a turbulence-detecting instrument. The improvement results 
because the smoothing filter normally required for pseudo-satis- 
factory operation, has been eliminated by including the slope of 
the signal in the control of the frequency-gating signal. The third 
instrument included as a part of this dissertation is an Unlimited- 
Time Integrator. The instrument is capable of integrating a signal 
for a period of time that is limited only by the unsteadiness of the 
system which is external to the integrator.
Fiow Characteristics in the Two-Dimensional Wake of a Flat Plate.
R ichard G eorge H ajec. M.S. Thesis, February 1961; Professor 
Rouse, adviser. The distribution of mean velocity, mean pressure, 
fluctuating longitudinal component of velocity, fluctuating pres­
sure, and correlation of the fluctuating velocity and pressure in a 
two-dimensional wake of a flat plate are presented and discussed. 
Special experimental equipment and technique are included in de­
tail. Closely related to the vortices shed from the edges of the 
plate, a zone of maximum turbulence was found to occur within 
the mean separation pocket. At a distance from the plate equal to 
its width both the velocity and the pressure fluctuations reached
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maximum values, and the minimum mean pressure was recorded 
as -1.85 times the dynamic pressure in the undisturbed stream. The 
lateral location of the peaks in the distribution of velocity and 
pressure fluctuations were found to correspond closely with the 
centerlines of the trails of vortices as determined by von Karman.
The Effect of a Change in Skewness of Particle Size Distribution 
on the Depth of Scour. A bdul  H a n n a n . M.S. Thesis, February 1962; 
Professor Brush, adviser. Five different mixtures of sand having 
the same mean diameter and the same standard deviation but dif­
ferent skewnesses were used to investigate the scour due to a sub­
merged jet. The nondimensional scour profile was found to be in­
dependent of both time and skewness. Small secondary effects up­
on the scour phenomena were observed, and these were explained 
directly in terms of the distribution of particle sizes in the extreme 
size ranges.
Flood Insurance. G erald R. H a r t m a n . M.S. Thesis, June 1960; 
Professor Posey, adviser. The insurance and technical problems 
involved in a flood insurance program are discussed, using basic 
insurance principles and information relative to floods as guides. 
The Federal Flood Insurance Act of 1956 and its results are also 
discussed. Other approaches to the flood problem are summarized 
and suggestions to make flood insurance a reality are offered.
The Variation of Loss Coefficient With Froude Number in an 
Open-Channel Bend. Sikander  H a y a t . M.S. Thesis, January 1965; 
Professor Rouse, adviser. The purpose of this investigation was to 
study the variation of loss coefficient with Froude number in an 
open-channel bend at different depth-width ratios. Since it was 
difficult to get the loss of head in a single bend with precision, six 
successive similar 90° bends were used in the experiment. The 
loss of head due to a bend was obtained after subtracting the loss 
of head in an equivalent straight channel from the total loss in a 
bend. The loss coefficient per bend was determined as a function 
of the Froude number from the ratio of loss of head to the velocity 
head at depth-width ratios of 1/4, 1/8, and 1/16.
Fall Velocity of a Sphere in a Field of Oscillating Fluid. H a u - 
W ong  Ho. Ph.D. Dissertation, June 1964; Professor Rrush, adviser. 
In the application of the diffusion equation for sediments in a 
turbulent fluid, the fall velocity of the sediment particles is often
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assumed to be the same as the fall velocity in a stationary fluid. 
The validity of the assumption has been questioned. In order to 
demonstrate the effect of the motion of the fluid on the fall veloc­
ity of sediment particles, the fall velocity of particles settling in a 
field of oscillating fluid was determined experimentally. It was 
found that the fall velocity of particles in an oscillating field of 
fluid was much lower than that in a stationary fluid. The numerical 
solution of the equation of motion of a settling particle has been 
found to be useful in estimating the fall velocity of a particle in 
an oscillating fluid.
The Resistance of Piers in High-Velocity Flow. T su -ying  H sie h . 
M.S. Thesis, August 1962; Professor Rouse, adviser. An experi­
mental investigation of the variation of the resistance coefficient 
of cylindrical piers in a rectangular channel was conducted. The 
resistance coefficient was determined as a function of the Froude 
number, of the relative depth of the oncoming flow, and of the 
relative spacing of the piers.
An Experimental Study of the Vorticity in the Wake of a Body 
of Revolution. L o -C hing  H u a . M.S. Thesis, February 1963; Profes­
sor Landweber, adviser. The magnitude and direction of the veloc­
ity distribution in the wake of a prolate spheroid were determined 
from measurements with a 3-hole pitot tube. A procedure for an­
alyzing the measurements, taking into account the turbulence in 
the wake, was developed and applied. For this purpose it was also 
necessary to measure the distributions of various turbulence stres­
ses in the wake. From the resulting velocity-vector distribution it 
was then possible to compute the vorticity distribution as the curl 
of the velocity. These results may serve as a basis for a study of 
the mechanism of lift on a body of revolution.
Energy Loss in Pipe Expansions. T h o m a s  T sung -tse H u a n g . M.S. 
Thesis, February 1964; Professor Rouse, adviser. An experimental 
study was made to determine the effects of the variation of ex­
pansion angle, entrance condition, and Reynolds number on the 
over-all energy loss in pipe expansions. This investigation was an 
extension of the 1962 doctoral study by M. C. Chaturvedi. The 
half angles of expansions used in this experiment were 3/2°, 7/2°, 15°, 
25°, 30°, 35°, 45°, and 90°. A bellmouth entry, an 11/2-foot smooth 
brass pipe, and a 6-foot artificially roughened pipe preceding the
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expansions were chosen to provide three different entrance condi­
tions for the flow. The Reynolds number at the entrance section 
was varied over a range of 3 x 104 to 1.5 x 105. The value of the 
expansion ratio, D-2/ D u was taken as 2, the same as that used in 
Chaturvedi’s work.
A Submerged Vertical Jet Beneath a Free Surface. B ruce W. 
H u n t . M.S. Thesis, January 1965; Professor Rouse, adviser. Pro­
files of the free surface above a three-dimensional, vertical, sub­
merged jet were measured and plotted as a function of the mo­
mentum flux and nozzle submergence depth. The surface profiles 
were found to be almost geometrically similar for submergences 
greater than or equal to 16 nozzle diameters, and the relative cen­
terline surface displacement was found to be nearly independent 
of the relative submergence depth for submergences greater than 
or equal to 25 nozzle diameters. In addition, an approximate an­
alytical method for determining the centerline displacement of 
the free surface is given.
Verification of Method of Determining the Viscous Drag of a Ship 
Model. Ke n n e t h  K ey . M.S. Thesis, January 1965; Professor Land- 
weber, adviser. Application of the Betz-Tulin method for measur­
ing the viscous drag of a ship model in a previous work by Jin Wu 
resulted in an unexpectedly sinuous variation of the curve of vis­
cous drag versus Froude number. Because of the importance of 
this curve in the usual procedure of predicting ship resistance from 
model tests, the experiment was repeated with refined equipment 
and improved calibration technique. The new results are some­
what less sinuous, but essentially confirm the variation previously 
found.
Effect of Lip Shape Upon Hydraulic Forces on High-Head Gates.
H e l m u t  E. K o bus . M.S. Thesis, February 1963; Professor Nauda- 
scher, adviser. The relative pressure distribution along the bot­
tom and top surface of a vertical leaf gate at partial openings has 
been obtained from air-tunnel experiments. The effects of the 
angle of inclination of the bottom surface and of an extension of 
the downstream skinplate have been investigated. It was found 
that lip shapes with large angles of inclination of the bottom sur­
face or large extensions of the downstream skinplate yield the most 




pressure fluctuations were observed near the transition to complete 
separation of flow from the gate lip. The conditions for the de­
velopment of subatmospheric pressure along the gate lip were ex­
amined and analyzed.
Heat Transfer from Fine Wires in Flowing Liquids. A lbert  Y. Ku o . 
M.S. Thesis, January 1965; Professor Hubbard, adviser. Because of 
the instability of a hot-wire anemometer in water, the factors in­
fluencing heat transfer from an electrically heated wire in flowing 
liquids were investigated. Kramers’ formula was shown to agree 
with experimental results for filtered fresh water and unfiltered 
mineral oil. In salt water, the rate of heat transfer decreased with 
increasing electrical conductivity. Deposition was found on the 
wire after being used in highly concentrated salt water. The depo­
sition of the impurities in unfiltered water invariably reduced the 
rate of heat transfer.
Effect of Particie Size Distribution on Characteristics of the Sus­
pended Load. T se M in  L e e . M.S. Thesis, June 1960; Professor 
Brush, adviser. This study was to investigate the effect of the bed- 
material size distribution on ( 1 ) the concentration of the suspended 
load, ( 2 ) the size of the material moving as suspended load, and 
(3) the height of dunes which form on the beds of alluvial chan­
nels for equal hydraulic conditions. Two sands, each with the 
same mean size and skewness but with different standard devia­
tions, were used as bed materials. Theoretical analysis of the sus­
pended load was incorporated. The effect of bed configuration on 
the channel resistance was studied. The sampling techniques were 
also discussed. Use of the experimental results to predict the size 
distribution and concentration of suspended load in streams was 
discussed. Also, recommendations were made for future investi­
gations.
Distribution of Velocity and  Pressure a t  a Submerged Outlet.
Ya -T a i L i n . M.S. Thesis, August 1960; Professor Rouse, adviser. An 
experimental study was undertaken for the purpose of tracing the 
relationship between the pressure distribution around a submerged 
pipe outlet and the velocity distribution across the outlet for air­
flow of high Reynolds number. As the velocity variation across the 
outlet was increased, the pressure loss along the pipe was found 
to decrease because of a partial compensation by a longitudinal
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decrease in momentum flux, and the pressure at center of the out­
let, which was invariably lower than the wall pressure, was found 
to change from positive to negative values. Studies were also made 
of the deflection of streamlines, and a functional relationship was 
derived between the inward velocity along the wing wall and the 
mean velocity.
Overturning Moments on a Flashboard Mounted on a  Parabolic 
Spillway Crest. A lberto L izarralde. M.S. Thesis, February 1962; 
Professor Howe, adviser. In this investigation the overturning mo­
ments on a flashboard mounted on a parabolic spillway crest are 
determined for various rates of flow and submergence ratios. Pres­
sure measurements are made on the downstream and upstream 
faces of the flashboard. The results are given on a graph which 
shows the dimensionless relationship between the overturning mo­
ments, the submergence, and the rate of flow. A comparison of the 
moments obtained through the range of the experimentation with 
those computed assuming upstream hydrostatic distribution and 
downstream atmospheric pressure is included.
A Preliminary Investigation of the Pressure Fluctuations in the 
Vicinity of Normal Walls. F rederick A. L och er . M.S. Thesis, Jan­
uary 1965; Professor Naudascher, adviser. Spectral densities of the 
pressure fluctuations at three points in the vicinity of normal walls 
were examined to determine the range of frequencies over which 
enough energy was available to be considered as a possible source 
for the excitation of vibrations. Approximately the same dominant 
frequency was found at two points: ( 1 ) in front of the wall, and 
(2) at the end of the separation pocket behind the wall. The domi­
nant frequency did not appear to be affected by the thickness of 
the walls which were investigated in this study. Development of 
the electrical network and analysis of the signal representing the 
fluctuating pressure are presented. The transient response of fil­
ters is qualitatively discussed, showing that the use of a squaring 
circuit in the spectral analysis of this particular type of signal yields 
erroneous results.
The Effect of Flood Magnitude on Unit Hydrograph Characteris ­
tics. Ja m e s  L aw r en c e  L ong . M.S. Thesis, February 1962; Professor 
Howe, adviser. This thesis is an analysis of the factors affecting the 
unit hydrograph with special emphasis on the effect of flood mag­
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nitude on the peak of the distribution graph and on the time of oc­
currence of the peak with respect to the center of precipitation ex­
cess. Included is also the study of twenty-four hydrographs from 
two different drainage basins involving runoff volumes varying 
from 0.6 to 5.75 inches and peak flows from 2,800 to 36,000 cubic 
feet per second.
Experimental Investigation of an Annular Jet Traveling Over 
Water. Jo a c h im  K. M alsy . M.S. Thesis, August 1960; Professor 
Mack, adviser. In connection with the development of an air-cush­
ion vehicle, an experimental study was conducted of the flow phe­
nomena occurring when a 7-inch-diameter annular nozzle, with a 
/s-inch air gap, was towed over water. The height above the water 
surface, the speed of tow, and the rate of air discharge were varied, 
pressures on the base plate of the annular nozzle were measured, 
and the resulting lift was computed. It was observed that the jet ap­
proached the water surface at a steeper angle than analysis of the 
effect had indicated, and that the surface disturbances were larger 
than predicted. A vortex ring, observed in the water near the free 
surface in the region of deflection of the air jet, is believed to ac­
count for these phenomena.
The Instability of Stratified Flow. G eorge H enry  M ittend o r f . 
M.S. Thesis, February 1961; Professor Rouse, adviser. Two misci- 
ble fluids of different densitv were allowed to intrude into oneJ
another in a closed conduit at a given slope. Propagation of the 
two resulting fronts was observed by means of thermistors. Inter­
facial conditions were recorded photographically. Regardless of 
slope, the celerities of the two fronts became noticeably different 
for differences in density larger than one per cent. The onset of 
turbulence at interface, as well as the thickness of interlayer result­
ing from turbulence, were correlated with the Froude and Rey­
nolds numbers of the flow.
The Effect of a Free Surface Upon the Velocity Distribution of a 
Submerged Jet. Jam e s  Jo seph  M ross. M.S. Thesis, February 1960; 
Professor Hubbard, adviser. The object of this investigation was 
to determine the flow characteristics of a jet emerging from a 
streamlined nozzle parallel to and at a variable distance below a 
free surface. In an initial zone, the approximate extent of which is 
calculated from the intersection of a cone of 28° apex with the free
http://ir.uiowa.edu/uisie/40
surface, the results for a free jet were found to apply as a very 
close approximation, particularly with regard to the velocity pro­
files and the volume, momentum, and kinetic-energy flux. In a 
subsequent zone, the point of maximum velocity was found to ap­
proach the free surface gradually and the velocity to decrease at a 
lower rate than in the first zone. Despite this change in velocity 
profile, the flux of volume and kinetic energy continued to vary 
in close agreement with the respective trends obtained for a jet 
far from a boundary.
Prediction of Runoff Frequency Based on Precipitation and  Infil­
tration Frequencies. S r in iv a sa n  M u k u n d a n . M .S. Thesis, February 
1963; Professor Howe, adviser. A study based on the assumption, 
Runoff frequency =  Precipitation frequency X  Infiltration frequen­
cy, was made on two watersheds: of 388- and 792-square-mile areas 
with 56 and 45 years of record, respectively. The observed surface 
runoff was compared with the estimated runoff based on combi­
nations of precipitation and infiltration frequencies and did not 
show any agreement. The frequency of estimated runoff was found 
to be far greater than the observed frequency.
Characteristics of Separation at  Conical Afterbodies. Sa m p a - 
th iengar  N a r a sim h a n . Ph.D. Dissertion, June 1965; Professor 
Rouse, adviser. The mean-flow and turbulence characteristics of 
motion following separation from a conical afterbody were investi­
gated for various combinations of initial boundary-layer thickness 
and angle of convergence of the boundary. For a given boundary 
geometry, the rate of turbulence production and the base drag 
increase with decrease in the value of the boundary-layer thick­
ness, and the increasing importance of the role of the inertial ef­
fects of turbulence causes similarity profiles to be achieved earlier. 
For a given boundary-layer thickness, the flow characteristics re ­
main almost unchanged for cone angles greater than 60°. When 
the cone angle is reduced progressively to 50°, the rate of turbu­
lence production increases and the size of the eddy pocket de­
creases. Upon reattachment of the separation profile to the bound­
ary of the tailpiece, any further reduction in the cone angle causes 
the cumulative turbulence production to decrease continuously.
Establishment of Flow a t  an  Abrupt Inlet. Irvathur  V. N a y a k . 
M.S. Thesis, August 1960; Professor Rouse, adviser. The important
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characteristics of the zone of flow establishment at an abrupt inlet 
were studied over the critical range of Reynolds number (400 to 
5400). The loss coefficient was found to vary with R  in a similar 
fashion to the drag coefficient of an immersed body or discharge 
coefficient of an orifice or Venturi meter. The resistance coeffi­
cient f  was found to differ consistently from the theoretical values 
given by the Poiseuille and Blasius equations.
Cavitation and  Pressure Fluctuation Behind a Bluff Body With 
and Without a  Trailing Splitter Plate. A rthur  D. N e w s h a m . M.S. 
Thesis, February 1963; Professor Rouse, adviser. The lateral oscil­
lation of the flow behind a bluff body can be prevented by intro­
ducing a splitter plate in the wake of a normal plate. The disappear­
ance of the oscillating flow pattern changes the pressure distribu­
tion and, therefore, also affects the conditions in which cavitation 
first appears. The mean pressure distribution was determined along 
the line of symmetry, and the spectral density of the pressure 
fluctuation was recorded at three points in the wake. W hen the 
splitter plate was introduced, the dominant frequency associated 
with the flow around a bluff body was no longer evident and the 
pressure fluctuation was more random.
Three-Dimensional Turbulent Boundary Layer. F. S. A. P a v a m a n i . 
M.S. Thesis, August 1960; Professor Landweber, adviser. Measure­
ments were made in an air tunnel on an ellipsoid of principal axes 
5 feet, 1 foot, and 0.25 foot at a wind speed of 60 fps. Velocity pro­
files in the boundary layer, the direction of flow, and the total 
pressure at the surface were measured. The data were analyzed to 
determine the pattern of velocity variation within the boundary 
layer, the variation of wall shear and boundary-layer thickness, the 
applicability of the inner law, and the angle of flow at various 
points, and to detect cross flows and separation. It was found that 
the boundary-layer thickness decreases and the shear stress at the 
wall increases with increasing curvature in the transverse direction. 
The inner law of the boundary layer seemed to be valid at least 
where the curvature was small.
Sediment Transport in a Pipe With Secondary Circulation. A la n  
L ee P r a su h n . M.S. Thesis, June 1963; Professor Brush, adviser. The 
use of short vanes placed at regular intervals along the top of a 
pipe at an angle of attack was investigated as means for increasing
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sediment transport with a minimum power increase. The vane 
angle, the sediment discharge, and the fluid discharge were varied 
independently, and observations were made of the over-all head 
loss. It was found that the maximum head-loss reduction was 
achieved when the vanes were at an angle of 20° with the pipe 
axis. The head loss-reduction was greatest in the region where the 
head loss was a function of the sand concentration, but for the 
region where the head loss was independent of sand concentra­
tion, or nearly so, no head-loss reduction was possible.
Vortex Over a  Horizontal Orifice. K oth a  K. Ra o . M.S. Thesis, 
August 1960; Professor Posey, adviser. As a continuation of H. C. 
Hsu’s thesis “Vortex over Outlet” (1947) the variation of the dis­
charge coefficient of a circular horizontal orifice with vorticity 
factor was investigated. The vortex was created and controlled by 
a simple arrangement of inclined water jets introduced over the 
free surface in a 3-foot-diameter tank fitted with a 3-inch circular 
orifice at the bottom. An interesting condition of instability lead­
ing to the formation of a whirling type of surge was observed to 
develop during some of the runs.
Boundary-Layer Development a t  Curved Entrances of Conduits.
P a l e p u  V. R a o . Ph.D. Dissertation, August 1964; Professor Rouse, 
adviser. With the aim of studying how the energy reduction occurs 
in a conduit inlet shaped according to potential theory, boundary- 
layer measurements were made in a nonrecirculating air duct 
with circular, square, and rectangular types of inlet. The com­
pound elliptical shape of the U.S. Corps of Engineers was adopted 
in all three cases. The effect of conduit Reynolds number on the 
growth of the laminar and turbulent boundary layers in the inlet 
portion of the conduit was studied for all three types of inlet. The 
potential velocity distribution for the axisymmetric inlet was ob­
tained by solving the difference equation for the Stokes stream 
function. The laminar-boundary-layer growth was calculated by 
the finite-difference method of Gortler and Witting. Proper turbu- 
lent-boundary-layer growth in the inlet was obtained by artificial 
roughness. Greater energy reduction due to secondary motions at 
the corners of the noncircular inlets was noticed for both laminar 
and turbulent boundary layers. The energy reduction in the inlet 
was found to be highest with a rectangular inlet and least for a 
circular one. Graphs are given showing coefficients of energy re­
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duction as functions of relative distance into the inlet and Reynolds 
number.
Effect of Gate  and  Conduit Geometry Upon the Hydrodynamic 
Forces Acting on High-Head Gates. R a g a m  P a n d u  R a n g a n a d h u  
R a o . M.S. Thesis, August 1963; Professor Naudascher, adviser. In 
an extension of Kobus’ study (M .S . thesis, 196 3) of the effect of lip- 
shape on hydraulic downpull, the effect of the relative upstream 
radius of the gate lip and of the relative conduit height upon the 
dimensionless downpull coefficients was made. The determination 
of the susceptibility of a given gate and conduit geometry to de­
velopment of subatmospheric pressures along the gate bottom and 
to unstable flow conditions was also made. Results showed that 
the downpull decreases with an increase in the upstream relative 
radius of the gate lip and increases with an increase in the relative 
conduit height.
Drag Coefficients of Flat Plates Oscillating Normally to Their 
Planes. M u h a m e d  R idjanovic. M.S. Thesis, August 1960; Profes­
sor Landweber, adviser. A flat plate oscillating normally to its plane 
may experience much greater drag than one in steady flow. In the 
present work a previous two-dimensional study of this phenomenon 
is extended to the three-dimensional case, for plates of various as­
pect ratios. It was found that the mean drag coefficients for small 
amplitudes of oscillation may be 5 times as large as for steady flow. 
This result is explainable by the formation of vortices at each cycle 
of the oscillation and incomplete development of the wake. A con­
sistent family of drag curves, which shows a trend toward the drag 
coefficient for a flat plate in steady flow at large oscillation ampli­
tudes, was obtained.
Wake With Zero Change of Momentum Flux. M u h a m e d  R idjan ­
ovic. Ph.D. Dissertation, August 1963; Professor Rouse, adviser. 
This study was undertaken for the purpose of obtaining an insight 
into the flow characteristics and of tracing the energy changes in 
a wake simulating that of a self-propelled body. The experiments 
were carried out in an air tunnel with zero pressure gradient, a 
stationary disk emitting a jet into its wake in the direction of flow. 
The momentum flux of the jet was selected so as to reduce to zero 
the difference in momentum flux between sections well upstream 
and downstream from the disk. The detailed investigation was car­
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ried out in the region from x /D  =  4 to x /D  =  130 for a Reynolds 
number of approximately 6 x 104. The results for mean ambient- 
and total-pressure distribution, mean velocity distribution, and 
turbulence-intensity and shear-stress distributions are presented 
graphically. Three zones of flow with basically different flow char­
acteristics were found: first, an eddy zone, with the most typical 
characteristic of high rate of mean-energy loss where practically 
the entire energy input of the jet is converted into turbulence; sec­
ond, from x /D  = 4 to x /D  — 50, a zone associated with a high rate 
of change of all flow characteristics in the axial direction due to 
interaction of fluid between neighboring zones of positive and nega­
tive velocity defect; this leads rapidly toward conditions of nearly 
uniform and isotropic flow in the third zone beyond x /D  =  50.
Surface Resistance as a Function of the Concentration and  Size 
of Roughness Elements. Jo h n  A r t h u r  R o b e r s o n . Ph.D. Disserta­
tion, August 1961; Professor Rouse, adviser. A method was de­
veloped which allows the surface resistance to be computed for 
flow in a conduit which is roughened with cubical roughness ele­
ments when basic data defining the roughness are given. The rela­
tive height of cube and cube concentration were the parameters 
which were used to define the roughness. The surface resistance 
is the sum of the viscous shear at the smooth wall and the drag 
on the roughness elements. Both of these resistance terms, however, 
are also functions of the mean boundary level and velocity distri­
bution, and the latter, in turn, is a function of the over-all resist­
ance. In order to achieve a solution, it was necessary to write an 
equation for each variable in terms of the appropriate remaining 
variables^, and these equations were then solved for the desired 
resistance functions. The solutions were shown to be valid to the 
extent that they followed the trend of available experimental re­
sults. The experimental results were for various concentrations, the 
highest of which had 13 per cent of the boundary covered with 
cubes._
The Stability of Stratified Flows on Nearly Vertical Slopes. W i l ­
l i a m  M. S a n g s t e r . Ph.D. Dissertation, June 1964; Professor Ma- 
cagno, adviser. The interfacial stability of the two-dimensional 
counter-current flow of two incompressible fluid layers of differ­
ing density, viscosity, and thickness confined between parallel solid 
boundaries was investigated for very steep slopes. An eigen-value
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problem resulted from the attempts at a power-series solution of 
the governing Orr-Sommerfeld equations and imposition of the ap­
propriate boundary conditions. Expansion of the resulting determi­
nant provided a relationship among the celerity and wave length 
of the applied disturbance and the Reynolds number of the pri­
mary flow. Graphical results of a computer solution for this rela­
tionship are presented. Limitations in the analysis required that 
the slopes be greater than 85° and the thickness of the lower stra­
tum be always greater than that of the upper. A more stable flow 
results when (a )  the slope is reduced, (b ) the density ratio is in­
creased, (c) the viscosity ratio is brought closer to unity, (d ) the 
thickness ratio is brought closer to unity, or (e ) the interfacial ten­
sion is increased.
Optimum Shape of a 90° Bend in a Trapezoidal Channel. A n n a - 
m a l a i  S h a n m u g a m . M.S. Thesis, August 1963; Professor Howe, ad­
viser. Model studies conducted to evolve the optimum shape of a 
90° bend in a trapezoidal channel for minimum head loss under 
conditions of subcritical flow showed that the loss of head is a 
minimum when the inner and outer curves are equiradial. In an 
equiradial bend with a ratio of radius of curvature to normal bed 
width of 5.5, the energy loss was found to be only half that en­
countered in a conventional constant-width bend. W ith decreasing 
ratio of center-line radius to normal bed width below 5 the loss of 
head increased.
Overturning Moments on a Flashboard. H s i n g -h u a  S h i h . M.S.
Thesis, February 1964; Professor Howe, adviser. Changes of slope 
of a straight downstream apron of a spillway had been found by 
Bacci and Schultz to have certain effects upon the overturning mo­
ment of a flashboard. Lizarralde adopted the Corps of Engineers’ 
Standard Spillway formula and tested one particular model. The 
present investigation is concerned with another model which is 
designed according to the same standard formula bu t based upon 
a small design head. The result is that while the general geometry 
is similar to Lizarralde’s model, the downstream apron inclination 
has been increased. Detailed comparison has been made between 
the present results and those of Lizarralde, the present data afford­
ing a means of rational flashboard design.
Diffusion of Sediment in a Submerged Jet. S u r y a  R a o  S i n g a m -
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SETTi. Ph.D. Dissertation, January 1965; Professor Rouse, adviser. 
Diffusion of sediment particles in a vertical, axisymmetric, sedi- 
ment-laden, submerged jet directed downward into stationary water 
was studied. From the measurements of mean velocity distribution 
and mean sediment-concentration distribution, the ratio fi of the 
eddy diffusivity for momentum was obtained. It has been found 
that in the region of measurements the parameter fi has a limiting 
value of about 1.2 within the Stokes range, and it increases with in­
crease in the particle Reynolds number for the range covered in 
the experiments. These results have been explained by physical con­
siderations regarding the inertial and gravitational effects on the 
motion of sediment particles in turbulent flow, in which the fluid 
motion in the eddies is circulatory rather than linearly oscillatory. 
Moreover, it is expected that (3 increases with increase in the par­
ticle Reynolds number only so long as the fall velocity of the sedi­
ment particles is less than the rms value of turbulence fluctuations 
in the direction of fall; beyond a certain value of the ratio of the 
fall velocity to the rms value of turbulence fluctuations, fi de­
creases with increase in the particle Reynolds number.
Irrotationa! Flow Over Weirs. T h e o d o r  S. S t r e l k o f f . Ph.D. Dis­
sertation, June 1962; Professors Rouse and Landweber, advisers. 
The problem of two-dimensional, irrotational flow over a vertical, 
sharp-crested weir is expressed, exactly, by an integral equation, 
derived with the aid of conformai mapping and singularity distri­
butions. A numerical procedure for checking trial-and-error solu­
tions of the equations is programmed in Fortran language for auto­
matic calculation on a high-speed, electronic, digital computer— 
either the IBM 704 or IBM 709. The resulting approximate solu­
tions are presented in the form of flow profiles and discharge co­
efficients for head-to-height ratios h /w  =  0.14, 1.15, 2.11, 4.36, 
10.30. Available experimental data for comparable geometries are 
plotted on the same graphs to indicate the effects of viscosity and 
surface tension present in real flows. Inaccuracies, infeasible to 
reduce by trial and error, are shown to be present in the final 
results. The basis of an iterative procedure for solving the integral 
equation more accurately and less tediously is proposed and par­
tially developed.
Air-Tunnel Study of a  M eander Model. H e n r y  W i l l i a m  T i e l e - 
m a n . M.S. Thesis, February 1964; Professor Naudascher, adviser.
http://ir.uiowa.edu/uisie/40
The purpose of this study was to obtain the longitudinal and trans­
verse velocity distribution in a curved conduit, with a central angle 
of bend of 90 degrees. The results were compared with the corre­
sponding data obtained from the open-channel model. Reasons are 
given for the discrepancies between the results of the two models.
Drag of an Oscillating Plate in a  Stream. M i n g - T e  T s e n g . M.S. 
Thesis, January 1965; Professor Landweber, adviser. The drag co­
efficients of three flat plates with different aspect ratios, oscillating 
in a stream, were determined. The drag equation was derived on 
the basis of linear damping and nonlinear restoring force. The re ­
sults showed that the values of the drag coefficient depend strong­
ly on the current velocity. An attem pt was also made to examine 
the effect of including nonlinear and damping terms in the analy­
sis of the oscillation data for determining the drag coefficients. 
The results showed that, when a plate was oscillating in a fluid at 
rest, the refinement of the analysis beyond the assumption of linear 
restoring force and simple harmonic motion was unnecessary.
Added Masses of Vibrating Elastic Bodies. R i c h a r d  G l e n n  W a r - 
n o c k . Ph.D. Dissertation, February 1964; Professor Landweber, ad ­
viser. The effect of the surrounding fluid on the natural frequencies 
of a vibrating ship is presently computed by an approximate two- 
dimensional theory known as strip theory. A more exact three-di- 
mensional theory, which employs the kinetic energy of the fluid 
in the Lagrangian equations of the vibration, is illustrated by ap­
plication to a sphere, a vibrating string, and a free-free cylindrical 
bar of finite length. Numerical calculations for an aluminum bar 
of length-diameter ratio 10 show close agreement with two-dimen­
sional strip theory.
The Separation of Viscous Drag an d  Wave-Making Drag. Ji n
Wu. M.S. Thesis, February 1961; Professor Landweber, adviser. 
Towing tests of ship models are generally conducted in water, and 
difficulty arises in satisfying the conditions for exact dynamical 
similarity. In order to overcome this difficulty, the ship is then 
tested by the Froude procedure. A theoretical possibility of sepa­
rating the viscous and wave drag of ship forms was suggested by 
Tulin. This thesis is essentially the detailed description and the 
experimental proof of Tulin’s method.
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Measurement of Viscous Drag of Ship Forms. J i n  W u . Ph.D. Dis­
sertation, August 1964; Professor Landweber, adviser. An “exact” 
expression for the viscous drag was derived, on the basis of which 
it became possible to evaluate the accuracy not only of the Betz- 
Tulin’s formula but also of two alternative, approximate versions 
suggested by the “exact” formula. The validity of these three ap­
proximate expressions was then checked experimentally by means 
of wake surveys. The theoretical study, experimental investigation, 
and numerical evaluation of the turbulence effects on the viscous- 
drag formula and measurements are also presented in this work. 
Subsequently, with this method of measuring viscous drag, the 
actual variation of viscous drag with Froude number was investi­
gated experimentally. Finally, a practical, routine technique for 
making viscous-drag measurements by using electronic sensing de­
vice and recording and computing equipment is suggested.
Characteristics of Subcritical Flow in a Meandering Channel.
B e n - C h i e  Y e n , Ph.D. Dissertation, June 1965; Professor Nauda- 
scher, adviser. The flow in a meandering channel is complicated 
by its curvilinear characteristics. Consequently, spiral motion and 
superelevation develop, and the velocity and boundary-shear dis­
tributions are modified. Through an approximate theoretical solu­
tion and experiments in a fixed-bed model of constant radius, cen­
tral angle, and uniform cross section, the influences of the Froude 
number, and the width-depth ratio of subcritical flow with suffi­
ciently high Reynolds number in a relatively wide meandering 
channel were determined. The velocity and boundary-shear distri­
butions, the superelevation, and the growth and the decay of the 
spiral motion were studied in detail through analysis of the ex­
perimental results. The turbulence intensity of the flow was also 
measured. Experimental results are presented in generalized form.
http://ir.uiowa.edu/uisie/40
STUDIES IN ENGINEERING
Bulletin 41. “Laboratory Instruction in the Mechanics of Fluids,” by Hunter 
Rouse, 1961. 60 pages, 53 figures, price $1.00.
Bulletin 42. “Cavitation and Pressure Distribution— Head Forms at Angles 
of Yaw,” by Hunter Rouse, 1962. 13 pages, 8 figures, price $0.50.
REPRINTS
169. Landweber, L., and Wu, C., “Added Mass of Ogival Cylinders Oscil­
lating Horizontally in a Free Surface,” Schiffstechnik, Heft 37, 1960.
170. Rouse, H., “Distribution of Energy in Regions of Separation,” La Houille 
Blanche, Nos. 3 & 4, 1960.
171. Macagno, E. O., and Macagno, M., “Kinetic Energy of a Liquid Sur­
rounding a Prolate Spheroid Vibrating at its Free Surface,” Jour, of 
Ship Research, March 1961.
172. Naudascher, E., “Vibration of Gates during Overflow and Underflow,” 
Proc. ASCE, Vol. 87, HY5, 1961.
173. Rouse, H., and Macagno, E. O., “Interfacial Mixing in Stratified Flow,” 
Proc. ASCE, Vol. 87, EM5, 1961.
174. Ridjanovic, M., “Drag Coefficients of Flat Plates Oscillating Normally 
to Their Planes,” Schiffstechnik, Heft 45, 1962.
175. Macagno, E. O., and Macagno, M., “Pressure-Wave Analysis for Vari­
able Length of a Fluid Column,” Proc. Ninth IAH R Convention, D u­
brovnik (1961), 1963.
176. Brush, L. M., Jr., “Exploratory Study of Sediment Diffusion,” Jour, of 
Geophysical Research, Vol. 67, No. 4, 1962.
177. Hubbard, P. G., “Interpretation of Data and Response of Probes in 
Unsteady Flow,” ASM E Sym. on Meas. in Unsteady Flow, 1962.
178. Wu, J., “The Separation of Viscous from Wave-Making Drag of Ship 
Forms,” Jour, of Ship Research, June, 1962.
179. Rouse, H., “On the Bernoulli Theorem for Turbulent Flow,” Miszel- 
laneen der Angewandten Mechanik, Akademie-Verlag, Berlin, 1962.
180. Rouse, H., “Current Trends in American Hydraulics,” Physical Sciences 
New York University Press, 1962.
181. Rouse, H., “Energy Transformation in Zones of Separation,” Proc. 9th 
IA H R  Conv., Dubrovnik (1961), 1963.
http://ir.uiowa.edu/uisie/40
182. Landweber, L., “Reanalysis of Boundary-Layer Data on a Flat Plate,” 
Proc. 9th Internat. Tow. Tank Conf., Paris, 1960.
183. Brush, L. M., Jr., Ho, H.-W., and Singamsetti, S. R., “A Study of Sedi­
ment in Suspension,” I.A.S.H. Com. Land Erosion, No. 59, 1962.
184. McLeod, W. C., and Hsieh, T., “Experimental Investigation of Ursell’s 
Theory of Wavemaking by a Rolling Cylinder,” Schiffstechnik, Heft 
50, 1963.
185. Rouse, H., Koloseus, H. J., and Davidian, J., “The Role of the Froude 
Number in Open-Channel Resistance,” Proc. 9th IAH R Conv., D ub­
rovnik (1961), 1963.
186. Landweber, L., and Wu, ]., “The Viscous Drag of Submerged and 
Floating Bodies,” Jour, of Ship Research, June 1963.
187. Chaturvedi, M. C., “Flow Characteristics of Abrupt Axisymmetric Ex­
pansions,” Proc. ASCE, Vol. 89, HY3, 1963.
188. Rouse, H., “On the Role of Eddies in Fluid Motion,” American Scien­
tist, Vol. 31, No. 3, 1963.
189. Naudascher, E., “On the Role of Eddies in Flow-Induced Vibrations,” 
Proc. 10th IAH R Congress, London, 1963.
190. Rouse, H., “On the Art of Advancing the Science of Hydraulics,” Proc. 
1st Australasian Conf. on Hydr. b  Fluid Mech. 1962, Pergamon Press,
1963.
191. Naudascher, E., “Effect of Air Density on Air-Tunnel Measurements,” 
Jour. Royal Aero. Soc., No. 420, Vol. 68, 1964.
192. Macagno, E. O., and Hinwood, J. B., “Instabilité dans le zone d ’étab­
lissement d’un courant avec stratification de densité,” V ille  mes Jour, 
de VHydraulique, Ques. 1, Rapp. 10, 1964.
193. Naudascher, E., Kobus, H. E., and Rao, R. P. R., “Hydrodynamics of 
High-Head Leaf Gates,” Proc. ASCE, Vol. 90, HY3, 1964.
194. Landweber, L., “Force on a Prolate Spheroid in an Axisymmetric Po­
tential Flow,” Jour, of Ship Research, June 1964.
195. Fischer, H. W., Roller, G., and Hubbard, P. G., “An Analysis of Several 
Factors Influencing Injection Rates in Angiography,” Radiology, Vol. 
83, No. 3, 1964.
196. Hinwood, J. B., “Determining the Shape and Size of an Estuarine Salt- 
W edge,” Dock and Harbour Authority, London, July 1964.
197. Carmody, T., “Establishment of the Wake Behind a Disk,” ASM E Jour. 
Basic Eng., December 1964.
198. Chevray, R., “The Application of the Bernoulli Theorem in Zones of 
Separation,” La Houille Blanche, No. 6, 1964.
199. O’Loughlin, E. M., and Macdonald, E. G., “Some Roughness-Concen- 
tration Effects on Boundary Resistance,” La Houille Blanche, No. 7,
1964.
200. Brush, L. M., Ho, H.-W., and Yen, B.-C., “The Accelerated Motion of 
a Sphere in a Viscous Fluid,” Proc. ASCE, Vol. 90, HY1, January 1964.
http://ir.uiowa.edu/uisie/40
STAFF PUBLICATIONS NOT AVAILABLE 
AS REPRINTS
Rouse, H., “Weirs,” “Flowmeters,” and “Turbulent Flow in Smooth and 
Rough Pipes,” Dictionary of Physics, Pergamon Press, London, 1961.
Landweber, L., “Hydrodynamics,” Encyclopedia of Science and Technology, 
McGraw Hill, New York, 1961.
Landweber, L., “Motions of Immersed and Floating Bodies,” Handbook of 
Fluid Mechanics, edited bv V. L. Streeter, McGraw Hill, New York, 1961.
Landweber, L., “Resistance (fluid flow) Typical Boundary Forms of,” Dic­
tionary of Physics, Pergamon Press, London, 1961.
Macagno, E. O., “Centro latinoamericano de mecánica de fluidos,” Calor, 
Buenos Aires, July 1961.
Rouse, H., “Nuevos horizontes de la mecánica de fluidos,” Energía Industrial, 
Vol. 4, No. 17, Buenos Aires, May-June 1961.
Hubbard, P. G., Métodos modernos de medida en mecánica de fluidos, Con­
sejo Nacional de Investigaciones Técnicas y Científicas, Buenos Aires, June 
1961.
Macagno, E. O., Fundamentos de la mecánica de fluidos, and Teoría y ex­
periencia en mecánica de fluidos, Consejo Nacional de Investigaciones 
Técnicas y Científicas, Buenos Aires, August 1961.
Rouse, H., Fluid Mechanics for Hudraulic Engineers (paperback), Dover Pub­
lications, Inc., New York, 1961.
Rouse, H., discussion of Birkhoff’s “Calculation of Potential Flows with Free 
Streamlines,” Proc. ASCE, Vol. 88, HY2, March 1962.
Landweber, L., discussion of Birkhoff’s “Calculation of Potential Flows with 
Free Streamlines,” Proc. ASCE, Vol. 88, HY3, May 1962.
Garg, S. P., discussion of Birkhoff’s “Calculation of Potential Flows with Free 
Streamlines,” Proc. ASCE, Vol. 88, HY4, July 1962
Macagno, E. O., “Dos experiencias en la enseñanza de la mecánica de fluidos,” 
Seminario de Mecánica de Fluidos e Hidráulica, Paper 1 /21 /7 , Santiago, 
Chile, 1962.
Macagno, E. O., and Ho, H.-W., “Una aproximación en el movimiento de 
líquidos compresibles,” Seminario de Mecánica de Fluidos e Hidráulica, 
Paper II I /1 3 /1 , Santiago, Chile, 1962.
Macagno, M., “Sistema de imágenes en una elipse debido a una fuente ex­
terna,” Proc. Seminario de Hidráulica y Mecánica de Fluidos, Paper I I I /1 2 /1 , 
Santiago, Chile, 1962.
Macagno, E. O., “Masa adicional y red potencial,” Seminario de Mecánica 
de Fluidos e Hidráulica, Paper I I I /9 /1 , Santiago, Chile, 1962.
http://ir.uiowa.edu/uisie/40
Rouse, H., “Hydraulics and Hydraulic Engineering,” The Harper Encyclopedia 
of Science, New York, Vol. 2, 1963.
Rouse, H., Hubbard, P. G., and Macagno, E. O., discussion of Le Méhauté’s 
“Theory, Experiments, and a Philosophy of Hydraulics,” Proc. ASCE, Vol.
89, HY1, January 1963.
Landweber, L., “An Evaluation of the Method of Direct Determination of 
Wavemaking Resistance from Surface-Profile Measurements,” Proc. In ­
ternational Seminar on Theoretical W ave Resistance, Ann Arbor, August 
1963.
Carmody, T., discussion of Chaturvedi’s “Flow Characteristics of Axisym- 
metric Expansions,” Proc. ASCE, Vol. 89, HY5, September 1963.
Rouse, H., review of “Mécanique expérimentale des fluides,” by R. Comolet, 
Jour. Fluid Mech., Vol. 17, Pt. 2, October 1963.
Huang, T. T., discussion of Chaturvedi’s “Flow Characteristics of Axisym- 
metric Expansions,” Proc. ASCE, Vol. 90, HY1, January 1964.
Chevray, R., discussion of Chaturvedi’s “Flow Characteristics of Axisymmetric 
Expansions,” Proc. ASCE, Vol. 90, HY1, January 1964.
Macagno, E. O., “Laboratorios universitarios de mecánica de fluidos y de 
hidráulica,” Facultad de Cinecias Exactas y Tecnología, U. N. de Tucumán, 
Publ. No. 878, Tucumán, Argentina, 1964.
Hsieh, T., “Resistance of Cylindrical Piers in Open-Channel Flow,” Proc. 
ASCE, Vol. 90, HY1, January 1964.
Macagno, E. O., discussion of Einstein’s “Engineering Derivation of the 
Navier-Stokes Equations,” Proc. ASCE, Vol. 90, EM4, August 1964.
Hinwood, |. B., “The Role of the Institute in Research and Development,” 
Jour. Inst, of Engrs., Australia, January-February 1964.
Macagno, E. O., discussion of W hittington’s “A Simple Dimensional Method 
for Hydraulic Problems,” Proc. ASCE, Vol. 90, HY1, January 1964.
Rouse, H., discussion of “Sediment Transportation Mechanics: Suspension of 
Sediment; Density Currents,” Proc. ASCE, Vol. 90, HY1, January 1964.
Rouse, H., “Hydraulic Research at the University of Iowa,” Hidrologiai Koz- 
lony, 5. sz. Hungary, 1964.
Carmody, T., discussion of Raudkivi’s “Study of Sediment Ripple Formation,” 
Proc. ASCE, Vol. 90, HY2, March 1964.
Naudascher, E., “Hydrodynamische und hydroelastische Beanspruchung von 
Tiefschiitzen,” Der Stahlbau, Nos. 7 & 9, July & September 1964.
Hinwood, J. B., discussion of “Sediment Transportation Mechanics: Density 
Currents,” Proc. ASCE, Vol. 90, HY2, March 1964.
O’Loughlin, E. M., discussion of Raudkivi’s “Study of Sediment Ripple For­
mation,” Proc. ASCE, Vol. 90, HY4, July 1964.
Macagno, E. O., and Caruso, H. A., “Métodos teóricos y experimentales en 
hidráulica,” 1° Congresso Latinoamericano de Hidráulica, I.A.H.R., Porto 
Alegre, Rrazil, August 1964.
Rouse, H., discussion of Strelkoff’s “Solution of Highly Curvilinear Gravity 
Flows,” Proc. ASCE, Vol. 90, No. EM5, October 1964.
Macagno, E. O., and Hung, T. K., discussion of Lundgren and Johnson’s 
“Shear and Velocity Distribution in Shallow Channels,” Proc. ASCE, Vol.
90, HY4, September 1964.
http://ir.uiowa.edu/uisie/40
Rouse, H., discussion of Jones’ “Some Observations on the Undular Jump,” 
Proc. ASCE, Vol. 90, HY6, November 1964.
Naudascher, E., discussion of Curtet and Ricou’s “On the Tendency of Self- 
Preservation in Axisymmetric Ducted Jets,” Jour. Basic Sciences, ASME, 
December 1964.
Bogardi, J. L., “European Concepts of Sediment Transportation,” Proc. ASCE, 
Vol. 91, HY1, January 1965.
Gillissen, N., and Quevedo, C., discussion of Naudascher, Kobus, and Rao’s 
“Hydrodynamics of High-Head Leaf Gates,” Proc. ASCE, Vol. 91, HY1, 
January 1965.
Naudascher, E., and Farell, C., discussion of Elder and Garrison’s “Form 
Induced Hydraulic Forces on Three-Leaf Intake Gates,” Proc. ASCE, Vol.
91, HY3, March 1965.
SPECIAL PUBLICATIONS
Blagoveshchensky, S. N., Theory of Ship Motions, translated from the Russian 
by Theodor and Leonilla Strelkoff, edited by L. Landweber, paperback, 
2 vols., Dover Publications, Inc., New York, January 1962.




INSTITUTE OF HYDRAULIC RESEARCH 
June 1965
DIRECTOR 
H u n t e r  R o u s e  
Professor of Fluid Mechanics
CONSULTING ENGINEERS 
J o s e p h  W .  H o w e  
Professor and Head 
Department of Mechanics and Hydraulics
A k e  L. A l i n  
Professor of Hydraulic Engineering
RESEARCH ENGINEERS 
P h i l i p  G. H u b b a r d  E n z o  O .  M a c a g n o
Louis L a n d w e b e r  E d u a r d  N a u d a s c h e r
E m m e t t  M . O ’L o u g h l i n
R E S E A R C H  A S S O C I A T E S  
R e n e  C h e v r a y  M a t il d e  M a c a g n o
J o h n  R . G l o v e r  A r t h u r  D .  N e w s h a m
J o n a t h a n  B . H i n w o o d  K o t h a  K. R a o
W i l l i a m  T .  K . H u n g  S e d a t  S a m i
H e l m u t  E .  K o b u s  H s ia n g  W a n g
F r e d  A . L o c h e r  C h i n - L i e n  Y e n
R E S E A R C H  ASSISTANTS 
G a b r i e l  E c h a v e z  V l a d i m i r  J e z d in s k y
Sheng-Tien H s u  J e a n  C .  T a t in c l a u x
C h e n g  Y e n g  H u n g  T o n g -S h y  an  T z o u
SECRETARIES 
F r i e d a  S ie v e r s  
C o r a l i e  C u m m i n g s
S H O P  S T A F F  
D a l e  C. H a r r is , Shop Supervisor 
O r e n  L .  D e t w i l e r  E u g e n e  A . N e w m i r e
R o b e r t  E .  H a m e r  F r e d  W .  P a r k s
H o w a r d  E. K r a t t e t  A r t h u r  P u d g il
D o n a l d  T .  M i l l e r  E r n e s t  E .  S c h w a b
E r v i n  J .  M i l l e r  St a n l e y  E .  St u t z m a n
http://ir.uiowa.edu/uisie/40
MEMBERSHIP OF BOARD OF CONSULTANTS
1961-63
Sh e r w o o d  G. H o l t , Consolidated W ater Power & Paper Co. 
D o n a l d  F. P e t e r s e n , Rock Island Arsenal 
R a y m o n d  J. Se e g e r , National Science Foundation
1962-64
V e r n a l  R .  R e n n i o n , U.S. Geological Survey
D. C. R o n d u r a n t , Corps of Engineers
J a m e s  J .  M u r r a y , Army Research Office-Durham
1963-65
F r a n k  R . C a m p h e l l , Waterways Experiment Station 
R e x  A. E l d e r , Tennessee Valley Authority 
St e p h e n  E .  R o h e r t s , Iowa Highway Research Hoard
1964-66
R a l p h  D .  C o o p e r , O f f i c e  o f  N a v a l  R e s e a r c h  
P a t r i c k  L e e h e y , D a v id  T a y lo r  M o d e l  R a s in  
C .  M . St a n l e y , S ta n le y  E n g i n e e r i n g  C o m p a n y
1965-67
J a c o r  H .  D o u m a , Corps of Engineers 
H . G a r l a n d  H e r s h e y , Iowa Geological Survey
Chairman 
I o s e p h  W. H o w e  
The University of Iowa
http://ir.uiowa.edu/uisie/40
http://ir.uiowa.edu/uisie/40
